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Abstract

Scientists from all over the world seek to unravel the secrets of life, how diseases develop and
how to treat them. To answer these unresolved questions, we have to understand the basis of
life. Molecular interactions are the core of all the fundamental biological processes in every
living cell and organism. For this reason, gaining information on how different molecules
interact between each other is crucial to understand the mechanisms of biological pathways
and processes, such as gene expression, protein synthesis, cell regulation, etc. One can imagine
these biological processes as the result of an extremely complex and dynamic network of
interactions where small molecules, DNA and RNA, proteins and cells are involved. When two
molecules interact, they can form a complex in a dynamic equilibrium. The strength and
stability of this complex depends on the affinity between the two molecules, which is a
measure of the equilibrium between how fast/slow the two molecules associate and
dissociate. Nowadays, several types of technologies have been developed in order to resolve
the binding affinity between two molecules, and the kinetic rates at which the complex forms
and disassembles. In this dissertation, three case studies are presented, in order to show
different examples of interactions between various classes of molecules studied on a DNA-
based biosensor technology. The first case study presented is on aptamers, short nucleic acid
molecules designed to bind with high affinity to a specific molecular target. The time-resolved
folding and unfolding mechanisms induced by different types of ions binding to the Thrombin-
Binding Aptamer (TBA) are shown, demonstrating how the different ions can have diverse and
even opposing effects on the aptamer structure, that reflects as well on the affinity of the
interaction with its target protein. The second case study presented is on PROTACs
(PROteolysis TArgeting Chimeras), bifunctional synthetic small molecules that are developed
toinduce the intracellular degradation of a target protein via the ubiquitin-proteasome system.
The development of efficient PROTACs requires the understanding of the binding affinity for
each molecular partner, i.e. the E3 ligase and the protein of interest (POI), with which it can
form the ternary complex, necessary for the ubiquitination of the target protein. Herein, a
method involving a supramolecular DNA nanostructure to study the simultaneous binding to
the E3 ligase and the POl is introduced, that allows to classify the PROTACs able to form binary
interactions and/or ternary interactions with the binding partners. The third case study
involves DNA polymerases, a class of enzymes that is widely studied for their pivotal role in
DNA replication, as well as for their employment worldwide for sequencing and PCR
(Polymerase Chain Reaction) techniques. In this work, a strategy to follow in real-time the DNA
elongation activity of such enzymes as well as the inhibition of their activity is presented. In
addition, the same strategy has been successfully applied to investigate the DNA elongation
activity of reverse transcriptases, that use an RNA template, and the DNA unwinding activity of
helicases.






Zusammenfassung

Wissenschaftler aus aller Welt bemUhen sich, die Geheimnisse des Lebens zu liften und
herauszufinden, wie Krankheiten entstehen und wie man sie behandeln kann. Um diese
ungeldsten Fragen zu beantworten, missen wir die Grundlagen des Lebens verstehen.
Molekulare Interaktionen sind der Kern aller grundlegenden biologischen Prozesse in jeder
lebenden Zelle und jedem Organismus. Aus diesem Grund ist die Kenntnis der
Wechselwirkungen zwischen verschiedenen Molekilen von entscheidender Bedeutung fir das
Verstandnis der Mechanismen biologischer Abldufe und Prozesse, wie z. B. Genexpression,
Proteinsynthese, Zellregulation usw.. Man kann sich diese biologischen Prozesse als das
Ergebnis eines dullerst komplexen und dynamischen Netzes von Wechselwirkungen vorstellen,
an denen kleine Molekiile, DNA und RNA, Proteine und Zellen beteiligt sind. Wenn zwei
Molekule interagieren, bilden sie einen Komplex in einem dynamischen Gleichgewicht. Wie
stark und stabil dieser Komplex ist, hangt von der Affinitat zwischen den beiden Molekdilen ab,
die ein Maf fir das Gleichgewicht zwischen der Geschwindigkeit der Assoziation und der
Dissoziation der beiden Stoffe ist. Heutzutage sind verschiedene Technologien entwickelt
worden, um die Bindungsaffinitat zwischen zwei Molekilen und die kinetischen Raten, mit
denen sich der Komplex bildet und auflost, zu bestimmen. In dieser Dissertation werden drei
Fallstudien vorgestellt, um verschiedene Beispiele fir Wechselwirkungen zwischen
verschiedenen Molekilklassen zu zeigen, die mit einer DNA-basierten Biosensor-Technologie
untersucht wurden. Die erste vorgestellte Fallstudie befasst sich mit Aptameren, kurzen
Nukleinsduremolekilen, die mit hoher Affinitdt an ein spezifisches molekulares Ziel binden
sollen. Die zeitaufgeldésten Mechanismen der Faltung und Entfaltung, die durch die Bindung
verschiedener Arten von lonen an das Thrombin-Binding Aptamer (TBA) induziert werden,
zeigen, wie die verschiedenen lonen unterschiedliche und sogar gegensatzliche Auswirkungen
auf die Aptamerstruktur haben kénnen, was sich auch auf die Struktur des Aptamers auswirkt
Affinitat der Interaktion mit seinem Zielprotein. Die zweite vorgestellte Fallstudie befasst sich
mit PROTACs (PROteolysis TArgeting Chimeras), bifunktionalen synthetischen kleinen
Molekllen, die entwickelt werden, um den intrazellularen Abbau eines Zielproteins Uber das
Ubiquitin-Proteasom-System zu induzieren. Die Entwicklung effizienter PROTACs erfordert das
Verstandnis der Bindungsaffinitat flr jeden molekularen Partner, d. h. die E3-Ligase und das
Protein Of Interest (POI), mit dem es den terndaren Komplex bilden kann, der fir die
Ubiquitinierung des Zielproteins notwendig ist. Hierin wird eine Methode vorgestellt, die eine
supramolekulare DNA-Nanostruktur zur Untersuchung der gleichzeitigen Bindung an die E3-
Ligase und den POl verwendet und die es ermdglicht, die PROTACs zu klassifizieren, die in der
Lage sind, binare Wechselwirkungen und/oder ternare Wechselwirkungen mit den
Bindungspartnern einzugehen. Die dritte Fallstudie befasst sich mit DNA-Polymerasen, einer
Klasse von Enzymen, die umfassend auf ihre zentrale Rolle bei der DNA-Replikation sowie auf
ihren weltweiten Einsatz flr Sequenzierungs- und PCR-Techniken (Polymerase Chain Reaction)
untersucht wird. In dieser Arbeit wird eine Strategie vorgestellt, um die DNA-
Verlangerungsaktivitat solcher Enzyme sowie die Hemmung ihrer Aktivitdt in Echtzeit zu
verfolgen. Darliber hinaus wurde die gleiche Strategie erfolgreich angewendet, um die DNA-

Xi



Verlangerungsaktivitat von Reversen Transkriptasen, die eine RNA-Vorlage verwenden, und die
DNA-Abwicklungsaktivitat von Helikasen zu untersuchen.
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PART I.

PRINCIPLES, DESIGNS AND
WORKFLOWS



Chapter 1

Measuring biomolecular interactions

1.1 General introduction

All biological processes inside every cell are governed by a complex network of specific
molecular interactions, involving for example nucleic acids, proteins, and small molecules. The
ability to study, describe and characterize biomolecular interactions and cellular networks is
therefore crucial to explain how these processes are regulated. It is of high interest in
biomedical and pharmaceutical research to characterize metabolic pathways and other cellular
processes, in order to understand for example the molecular mechanism underlying diseases,
and to develop therapeutical drugs [1]. For this reason, several experimental approaches and
technologies have been established to analyze biomolecular interactions. There are techniques
that were developed to simply detect the binding between two molecules, to know whether
different molecules can interact and have a role in regulating certain biological mechanism.
Other techniques instead allow not only to detect the binding between molecules, but also to
gain more information on the type and mechanism of interaction, such as the binding strength
between the two interacting molecules, the stability of the complex they form, and the binding
kinetics of their interaction, including how fast they bind and dissociate (association and
dissociation rates, referred to as kov and korr, respectively). These technologies can be
distinguished in label-based and label-free methods. Label-based methods require molecules
to be modified with a /abel or tag in order to be studied (e.g. fluorescent- [2],
chemiluminescent- [3], and radioactive-labels [4]). These techniques have the advantage of
studying interactions in native environments, such as living cells [5], but they own the main
disadvantage of modifying the molecules to be studied by impairing their native conditions and
possibly altering their chemical and functional properties. The label-free technologies, on the
contrary, allow to study molecular interactions in quasi-native conditions without modifying
the intrinsic chemical and functional properties of the investigated molecules. The label-free
technologies can be subdivided into two main categories: i) those that measure interactions in
solution and ii) those that measure interactions on a surface. There is a wide range of
commercially available technologies utilizing label-free approaches, e.g. Isothermal Titration
Calorimetry (ITC), Surface Plasmon Resonance (SPR), switchSENSE®, BiolLayer Interferometry
(BLI), and Microscale Thermophoresis (MTC), among others. In the following paragraphs, the
most known and recognised label-free technologies for the analysis of molecular interactions
(ITC and SPR) are presented and compared to switchSENSE®, the technology utilized for the
case studies described in the following chapters of this thesis. These technologies are



compared on the principle underlying binding detection, information content, and advantages
and disadvantages are discussed.

1.2Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry, also commonly known as ITC, is a solution-calorimetry
technique that is used to study the affinity between biomolecules and thermodynamics of
molecular interactions in biological systems. Pioneering works by Keily and Hume [6] and Tyson
and collaborators [7] described how heat and temperature difference could be correlated to
reactions in solution. Then, Wiseman and collaborators [8] developed the first prototype of
ITC, demonstrating how a calorimeter can infer the binding affinity of two interacting biological
species, through analysis of changes in heat released or consumed during their interaction.

1.2.1 Principle of ITC

ITC-based instruments incorporate a sample cell, a reference cell, and an injection syringe. The
change in temperature is measured while performing a titration of one binding molecule
(named analyte, carried by the injection syringe) to the other binding partner (named ligand,
placed in the sample cell) (Figure 1). From the resulting heat changes, it is possible to
extrapolate binding isotherms that provide information of the affinity, stoichiometry, and
thermodynamics of the interaction.

Injector
Injector € zH
®3
€3
Sample Reference o

cell cell

B
Constant i
power %
o

Thermocouple

Peltier
heater/cooler

Power
(I°R)

Adiabatic jacket (no heat transfer with surroundings) Sample cell

Figure 1. Schematic representation of an ITC instrument and the reaction cell where the interaction between two
molecules is measured. When the syringe injects the analyte in the sample cell, the binding with the other
interaction partner induces heat changes. The feedback circuit keeps a constant temperature difference (AT)
between the sample cell and the reference cell. Adapted from [9].

In ITC instruments, the sample cell and the reference cell are kept at a constant temperature,
and the temperature difference (AT) between these two cells is measured. ITC measures the
amount of heat that is released or absorbed during a reaction [10], correlating the temperature
changes to enthalpy changes (AH). If heat is released, the reaction is exothermic, while if heat



is absorbed, the reaction is endothermic. According to the Gibbs equation, enthalpy changes
contribute with entropy changes (AH) to the free energy changes (AG) of a given reaction:

AG = RTInKp = AH — TAS (1)

The enthalpy of a binding reaction reflects the strength of the interactions formed between
the two interacting species (e.g. hydrogen bonds, van der Waals interaction, etc.) relative to
those existing with the solvent, whereas the entropy changes are mainly related to changes in
solvation entropy and changes in conformational entropy that result upon binding.

1.2.2 General workflow

The sample cell is the compartment where the interaction takes place, and contains the ligand
molecule. The reference cell, containing only buffer, is used to normalise the AH of the sample
cell during the measurement. A series of injections with the analyte are performed in the
sample cell with the ligand in order to let the two molecules interact. When the analyte
interacts with the ligand, a change in heat is observed and recorded as heat pulse (Figure 2,
top), and the amount of heat released or absorbed is proportional to the amount of molecules
binding. Hence, when the temperature changes due to interactions occurring in the sample
cell, the ITC instrument applies the necessary power to maintain constant temperature
between the sample cell and the reference cell, so that AT is equal to zero. The heat and the
corresponding enthalpy changes resulting after each injection are calculated with the area
under each injection peak. The quantity measured and displayed on the y-axis is the time
dependence of the electric power (ucal/sec) necessary to maintain constant the temperature
difference between the reaction and reference cells after each injection of analyte. From the
elaboration of these signals it is possible to infer the binding strength or affinity (Kp) of the two
molecules of interest [11]: heat pulses are converted into a titration curve that relates the
energy (kcal/mol of analyte) to the molar ratio of titrated analyte over ligand amount in the
sample cell (Figure 2, bottom).
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Figure 2. ITC thermogram. A series of analyte injections are performed in the sample cell, and the resulting heat
changes given by the interaction with the ligand are counterbalanced by ITC instrument to keep a constant AT with
the reference cell. The total heat associated with each injection is proportional to the integrated power required
to maintain a constant AT between the sample and reference cells. Fitting the resulting isotherm yields the
thermodynamic parameters, e.qg. AH and Ko (= 1/Ka). Top: heat pulses recorded after each analyte injection, related
to the energy required to keep constant the temperature difference. Bottom: heat pulses are converted into a
titration curve that relates the heat (kcal/mol of analyte) to the molar ratio of titrated analyte over ligand amount
in the sample cell. Adapted from [12]. ITC Thermogram by Simon Caulton is licensed under CC BY 4.0.

At the beginning of the titration, the AH of each injection is usually large because it derives
from a large excess of available binding sites. The more the number of injections increases, the
more the available binding sites in the sample cell decreases because of sites occupancy from
the analyte, resulting in fewer new interactions and hence also the absolute changes in AH
decreases. Numerous applications have been reported, including protein-protein [13], protein-
DNA [14], and protein-small molecule [15] interaction studies.

1.2.3 Advantages and disadvantages

ITC is an in solution binding technique, which has several advantages, such as:

i) molecular interactions can be measured in native-like conditions;

ii) the binding molecules are not required to be labelled, avoiding possible interference
with their target binding site;

iii)  the affinity (Kp) of two interacting molecules can be easily measured;

iv)  full thermodynamic information of the reaction (AH, AS, AG) can be provided;


https://creativecommons.org/licenses/by/4.0/

V) it is considered a user-friendly technology.
On the other side, there are some limitations on the applicability of ITC:

i) it allows to study only binding interactions characterized by significant changes in
enthalpy, with Kp values in the nM to uM range, while weaker binding reactions are
more difficult to be analyzed [9];

ii) the affinity (Kp) is measured from the steady-state equilibrium. This implies that a wide
range of concentrations have to be used for accurate affinity calculation, requiring
higher sample consumption compared to other binding technologies.

1.3 Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) is a label-free and on surface detection method, which has
emerged during the last two decades as a suitable and reliable strategy in clinical analysis for
measuring real time molecular interactions. SPRis a technique that detect changes in refractive
index in response to molecular interactions [16]. SPR technology is used to measure
thermodynamic binding parameters and determine affinity constants, detect association and
dissociation binding rates of interactions between various biomolecules, including antibodies
or other proteins, lipids, and nucleic acids. It can also be used for drug candidate screening.

1.3.1 Principle of SPR

SPR-based biosensors measure changes in refractive index that are induced by biomolecular
interactions occurring close to the biosensor surface. The response related to an interaction is
measured in real time as resonance units or response units (RU), and it is directly proportional
to the mass density of biomolecules bound to the surface (Figure 3). SPR relies on the
conversion of energy from the incident light on a thin metal (e.g. gold) layer that is located
between two media having different refractive indices [17,18]. Usually, the two media consist
of a glass prism coated with the thin gold layer, and an aqueous flow cell. SPR occurs when the
incident light is directed through the glass prism at a certain angle and hits the gold layer, and
part of the light energy couples with the electrons of the metal layer, leading to electron
movements due to excitation [19]. These electron movements are called plasmons, and
propagate through the metal surface. The angle that generates the surface plasmon is
detected by optical detectors by measuring a localized drop in the reflected light intensity.
Molecular binding events close to the gold surface can induce variations to the characteristics
of the light incident on the surface itself. This in turn causes changes in local refractive index
and in the angle of light energy that is coupled to the surface plasmon. Therefore, based on
the amount of molecular mass present near the gold surface, the angle of lowest reflected light
intensity (the SPR angle) may change. In other words, the angle of minimum reflectivity is
determined with modulations of the incidence angle, and detecting the changes in the
reflected light intensity that occur when biomolecules interact close to the surface allows to



quantify their amount on the surface, their affinity, and the association and dissociation
kinetics of their interaction [20].
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Figure 3. SPR-based biosensors detect changes in the refractive index on the surface of a sensor chip. SPR is
observed as a variation in the reflected light from the surface at an angle that is dependent on the mass of material
bound on the surface. The SPR angle shifts when biomolecules bind to the surface and change the mass on the

surface. This change in resonant angle can be monitored in real time as resonance signal versus time. Adapted
from [20].

1.3.2 SPR biochip

A typical SPR biochip consists of a glass support coated with a thin gold layer, and a
carboxylated dextran layer is covalently attached to the gold surface. The carboxylated surface
provides reactive groups for covalent coupling of ligand molecules (Figure 4). There are also
alternative types of commercially available SPR biochips [21,22]:

e Sensor chips pre-functionalized with capturing molecules (e.g. Streptavidin, NTA,
protein A, etc.) to capture tagged ligands;

e Sensor chips with hydrophobic surfaces for attachment of lipid bilayers;

e Sensor chips with unmodified surface that can be customized.
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Figure 4. SPR biochip schematic representation. The biochip typically consists of a glass surface, that is covered by
a thin gold layer. A dextran linker layer is attached on top of the gold layer, that provides the reactive groups for
covalent immobilization of the ligand molecule. The ligand molecule is therefore distant from the gold surface and
can bind the analyte molecule injected across the surface. Adapted from [23].

The ligand molecule can be immobilized on the surface either via covalent coupling or via
capture strategies (e.g. streptavidin-biotin, His-tag, etc.). In the first case, the covalent coupling
is achieved via reaction between the carboxylated groups of the dextran matrix and reactive
groups of the protein itself, such as amines and thiols, and it is therefore an irreversible
process; however, the biochip already functionalized can be used multiple times, if stored
correctly. While, in the second case, the ligand is immobilized via a capture group that does
not involve any irreversible reaction, which means that the same biochip can be used several
times with different ligand molecules, prior regeneration. In addition, it does not require any
chemical modification of the ligand molecule and it allows to immobilize the ligand in a defined
orientation. However, it is not the most stable strategy, since it requires a capture system with
high-affinity interaction (e.g. streptavidin-biotin) or at least higher than the studied one, in
order to avoid that the ligand might detach from the surface during the dissociation phase of
the kinetic experiment.

1.3.3 General workflow

In SPR biosensor biochips, one molecular species (/igand) is immobilized on the metal sensor
surface, and a binding partner species (analyte) flows across the surface. A general workflow
to study molecular interactions with SPR biosensors consists of four main steps (Figure 5):

1. Immobilization of the ligand of interest (e.g. a protein) on the biosensor surface;

2. Association: injection of the analyte (e.g. a second protein), that interacts with the
ligand on the surface;

3. Dissociation: injection of a buffer volume, leading the analyte to dissociate from the
ligand,;

4. Regeneration of the chip, that allows to remove completely the analyte from the chip
surface.
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Figure 5. Schematic representation of a typical SPR workflow, that is commonly composed of four different steps:
1) immobilization of the ligand on the surface; 2) association of the analyte; 3) dissociation of the analyte via buffer
injection; 4) final regeneration of the chip. Adapted from [24].

Normally, increasing concentrations of the analyte are injected at each workflow cycle. A
typical SPR sensorgram resulting from a binding kinetic measurement of multiple analyte
concentrations is shown in Figure 6. During the association step, the increase in the refractive
index is recorded, which results in a change in the angle at which light is absorbed. The changes
in the refractive index upon the binding of biomolecules are proportional to the concentration
of the analyte injected, but they depend also on the properties of the molecules. The rate at
which this change occurs provides a measure of the association rate (kon) of the molecules.
Once the buffer is injected at a specified flow rate (up to 100 ulL/min) to let the analyte
dissociate from the ligand on the surface, the absorbed angle returns to its original pre-
injection level. The time required to the molecules to dissociate is equivalent to the time
required to the refractive angle to return to the baseline, and correlates to the dissociation
rate (korr) of the interaction. The dissociation rate constant (Kp), that is a measure of the affinity
of the two molecules, can be determined by the correlation of the association and dissociation
rates (see Chapter 2, section 2.2). SPR biosensors have been used to characterize interaction
between different class of molecules, including protein-nucleic acid [25,26], protein-protein
[27], enzyme-substrate [28], and protein-small molecules [29] and many others.
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Figure 6. Example of a SPR sensorgram. Increasing concentrations of analyte result in an increase in response units
(RU). Analysis of association and dissociation rates yield information about the binding affinity (Ko) of the analyte-
ligand complex. Adapted from [30].

1.3.4 Advantages and disadvantages

SPRis a label-free surface-based method that has the following advantages:

i) the biggest advantage is that it provides real time kinetic information — association
(kon), dissociation (korr) rates and affinity constant (Kp) — of molecular binding
interactions;

ii) itis awell-established and recognized method with a broad portfolio of applications in
the pharmaceutical and medical fields;

iii) since it is widely known and used, in the last years its sensitivity, throughput and
automatic analysis have been improved in order to accelerate the validation processes
in drug discovery.

However, there are some limitations to take in consideration:

i) one of the most important disadvantages is that one of the two interacting molecules
needs to be immobilized on the surface, which is not always straightforward;

ii) high concentrations of immobilized ligand are required to obtain a good signal-to-noise
ratio level, since biomolecular interactions induce typically low changes in refractive
index [31];

iii) noteworthy, only one ligand species can be immobilized on the SPR biochip, therefore
limiting the characterization of more complex interactions such as multivalent binding
(e.g. bivalent antibodies, PROTACs, etc.), that require the ability to discriminate
between affinity and avidity (term used to refer to the dynamic interplay of all involved
interactions that rule ternary complexes formation and decay) (see Appendix, section
A2.2);
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iv) a long time is required for scouting different regeneration solutions to refresh the
dextran matrix of the biochip itself after each kinetic measurement;

v) SPR-based biosensors currently in the market have a maximal flow rate of 100 uL/min,
namely the velocity at which the analyte solution and buffer is flowed over the chip
surface, which is sometimes not sufficient to resolve tight binders kinetics, leading to
some artefacts such as mass transport and rebinding effects (see Appendix, section
A2.2);

vi) SPR biochips are also very sensitive to temperature variations: the physical thickness of
the biopolymer layer increases with increasing temperature due to thermal expansion
[32], affecting the refractive index.

1.4 switchSENSE®

switchSENSE® is a DNA-based biophysical technology for the analysis of molecular interactions
in real-time. It is a label-free, on-surface technology that relies on surface-anchored DNA
nanolevers. The DNA nanolevers are responsive to applied voltage changes [33—-35] and are
modified with a fluorophore on the distal end, allowing to study molecular interactions via
fluorescence changes. switchSENSE® is used to measure binding kinetics and affinity, it allows
to evaluate enzymatic activity and to gain information on protein conformational changes.

1.4.1 Principle of switchSENSE® technology

This technology relies on customizable DNA strands immobilized on the surface of a gold
electrode (Figure 7). The presence of a fluorophore at the distal end of the DNA strands allows
to study interactions in real time through changes in fluorescence intensity, detected by single-
photon counters that record fluorescence in green and in red (Figure 7).
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Figure 7. Simplified scheme of the optical detection system of the switchSENSE® biosensor and its mechanism of
detection. Fluorescently-labelled DNA strands are immobilized on a gold surface. The single-photon detectors
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record in a sensitive way the changes in fluorescence intensity resulting from interactions in proximity of the dye
or from the proximity of the dye itself to the surface. Copyright: Dynamic Biosensors.

The fluorescence intensity depends on the local environment of the dye and on its position in
relation to the biochip surface [36]. For instance, fluorescence changes are observed when i)
two molecules interact in proximity of the dye (Figure 8) and ii) the DNA strands are brought
closer to the gold surface, due to the energy transfer mechanism from the fluorophore on the
DNA to the gold surface, resulting in a quenching of fluorescence (Figure 9) [36].

Owing to their negatively-charged structure, DNA strands anchored on a gold surface can be
controlled by applying electric potentials to the chip surface. With a negative potential the
negatively-charged DNA strands get repulsed from the surface itself, resulting in a upward,
“standing” conformation. On the contrary, with a positive potential the negatively-charged
DNA strands get attracted to the surface, resulting in a “laying” conformation [33—-35,37,38].
Consequently, whenever the DNA strands are repulsed from the surface, a fluorescent signal
is recorded, vice versa, whenever the DNA strands are attracted to the surface, a lower
fluorescent signal can be observed. Thanks to this principle, two different measurement modes
can be used, named the static mode and the dynamic mode.

e In static mode, a fixed negative potential is applied. The DNA nanolever is constantly
repulsed from the gold surface, and it stands in an upward orientation. In this way, the
dye, being far away from the biosensor surface, is not quenched by the gold electrode
and the interaction between the analyte molecule and the ligand molecule is detected
through fluorescence changes, based on the influence exerted on the local
environment of the dye. For this reason, this mode of detection is also called
Fluorescence Proximity Sensing (FPS) mode (Figure 8). This measurement mode is the
standard method to study binding kinetics between two molecules with high sensitivity
(from 2-digit fM up to mM Kp) and high signal-to-noise ratio.
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Figure 8. switchSENSE® measurement modes: static mode. A fixed negative potential is applied and, as
consequence, the nanolever does not move and it stands in a upward position. The dye, not quenched by the gold
surface, detects the binding of molecules in real-time through changes in the local environment (fluorescence
proximity sensing). Copyright: Dynamic Biosensors [39].
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e In dynamic mode, an alternated potential is applied, and the DNA nanolevers are
subjected to a continuous switching between an upward position and a downward
position (Figure 9). The nanolever movement happens on the microsecond scale. This
motion is recorded in real-time by monitoring the fluorescence intensity of the dyes on
the nanolevers. The fluorescence intensity depends on the distance between the
fluorophore and the gold surface, and hereby on the orientation of the nanolevers in
relation to the gold surface. The fluorescence intensity is based on a distance-
dependent, non-radiative energy transfer from the fluorophores on the distal end of
the nanolevers to the gold surface. The fluorescence intensity is recorded as a function
of time, resulting in fluorescence response curves. The slope and form of the sigmoidal
transition within the response curve is affected by the hydrodynamic drag of the
nanolevers. As such, a nanolever carrying a protein ligand at its distal end experiences
a notably larger hydrodynamic drag, corresponding to the hydrodynamic radius of the
sampled protein. The switching dynamics of DNA-protein complexes gradually slow
down with increasing protein size. By comparing the measured upward switching
fluorescence response of a sample under investigation (DNA-protein conjugate) to bare
DNA and DNA protein conjugate standards, the hydrodynamic friction and, as a
consequence, the protein size can be related to some selected standard proteins and
finally estimated.
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Figure 9. switchSENSE® measurement modes: dynamic mode. An alternating potential is applied and, as
consequence, the DNA nanolevers are electrically actuated to oscillate at high frequencies, providing information
about its molecular friction. The measured instantaneous velocity of the nanolever depends on the hydrodynamic
friction of the attached molecules. When the nanolevers are repulsed from the surface, a fluorescent signal is
recorded, and when the nanolevers are attracted to the surface, a lower fluorescent signal can be observed.
Copyright: Dynamic Biosensors [40].

e Besides the two abovementioned measurement modes, the possibility to use different
red and green dyes can be considered an additional way of detection. In fact, it is a
unique way for studying multispecific interactions, e.g. a bispecific antibody binding to
two different targets [41], or formation of ternary complexes among three different
molecules (see chapter 3). Hence, the dual color detection (Figure 10) allows to
examine two distinct signals from two interactions at the same time, that is extremely
valuable for studying avidity component vs affinity (see Appendix, section A2.2), and
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also to detect binding via fluorescence resonance energy transfer (FRET) from the
green dye to the red dye (details in chapter 3), occurring specifically when the analyte
brings two ligands at a FRET-sensitive distance (within 15 nm).

red // _green e free

fluorophd?é-m/o O—\ﬂuorophore

Figure 80. switchSENSE® measurement modes: two-colour detection. The unique use of two different fluorophores
makes it possible to monitor two independent signals from two interactions at the same time and on the same
sensor spot. In this example it is possible to observe a biphasic dissociation of an antibody binding to two distinct
antigen ligands at the same time. Copyright: Dynamic Biosensors [42].
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1.4.2 switchSENSE® biochips

The biochip surface includes gold microelectrodes, where two different 48mer DNA
oligonucleotides, also called anchor strands, are grafted via a gold-sulphur bond. The anchor
DNA is hybridized with the complementary DNA sequence, leading to double strands, named
nanolevers. Two different series of biochips have been developed and shortly described in
Figure 11:

A. The multi-purpose (MP) chip, for the DRX instrument series. This biochip has four flow
channels with six gold electrodes, or spots, each. The anchor sequence on the electrodes
surface is functionalized at the distal end with a red or a green dye. The anchor DNA gets
directly hybridized with the ligand strand, that is the sequence functionalized with the
ligand of interest (e.g. a DNA overhang, a protein, etc.);

B. The adapter (ADP) chip, for the heliX® instrument series. This biochip has a single channel
with two spots (two equal gold electrodes). The 48mer anchor DNA does not carry any dye.
The anchor strand gets hybridized with the adapter strand, harbouring a red or a green
dye at the distal end. The adapter strand is partially complementary to the anchor strand,
and partially to the ligand strand.

14



ligand
dye

? § DNA anchor ligand strand,
T A8nt or 96nt exchangeable
(48nt or 96nt)
chip surface
B
ligand
dye

Adapter strand,
exchangeable ligand strand,

Jent exchangeable

48nt
DNA anchor
48nt

chip surface

Figure 11. switchSENSE® biochips. A) MP biochip for DRX instrument. Four channels with six electrodes each are
present. The surface of the electrodes is functionalized with an anchor strand carrying a fluorescent dye. The ligand
strand directly hybridizes to the anchor strand. B) ADP biochip for heliX® instrument. There are two electrodes in

a single channel. The surface is embedded with a DNA anchor without dye. The adapter strand, carrying the dye,
hybridizes to the ligand strand and to the anchor strand. Copyright: Dynamic Biosensors.

The switchSENSE® biochips are designed to have more spots, that are used as measurement
spots and as real-time reference spots or multianalyte. The reference spots are characterized
by a different sequence respect to the measurement spot allowing to hybridize with a specific
sequence the anchors strands in each electrode. The MP biochips are characterized by four
channels with six spots each, where four spots are used as measurement spots and the other
two are used as reference spots. The ADP biochips present two spots in a single channel, where
the first spot is generally used as measurement spot and the second spot as a real time
reference. Reference spots are crucial to investigate unspecific binding of the analyte of
interest to an off-target ligand. However, both electrodes can be also used as measurements
spots, and in combination with the two-colour mode, more interactions at the same time can
be studied, known as multiplexing analysis. There are several advantages of the ADP biochip
over the previous MP biochip, such as: i) the possibility to have fresh ligand and dye as many
time as needed; ii) its robustness (the chip skeleton is in metal instead of glass); iii) the
possibility to immobilize up to four ligands at the same time;

The ligand of interest can be placed on the ligand strand either by direct covalent coupling or
by tag-capturing methods (Figure 12). In the first case, different coupling strategies can be used
(described in Appendix, section Al) to conjugate the ligand (e.g. a protein) to the ligand strand,
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by taking advantage of naturally present reactive groups, such as amines or thiols or his-tag
mediated [43,44] on the ligand. The covalent coupling is very stable, but requires a subsequent
purification process. In the second case, different capturing methods can be used, depending
on the tag present on the ligand molecule (e.g. streptavidin-tag, biotin-tag, his-tag, protein A,
etc.). The capture of the ligand on the surface does not require any purification step and occurs
via a specific tag present on the protein; however, normally the capture is less stable than the
covalent coupling methods. Alternatively, in case the molecule of interest is another DNA or
RNA strand, it is possible either to elongate the ligand strand with the sequence of interest (see
chapter 2) or to customize the sequence of the ligand strand itself (see chapter 4).

Protein Sample Coupling Kit Purification Product

Covalent Coupling O-n?
+ stable coupling O\F\Hw v — o
+ amine-reactive kit addresses accessible -

amines
+ thiol-reactive kit addresses site specific .
cysteines Reactive group on ligand-strand with amine EBID ProFIRE® system

protein: -NH, or —SH 2 or thiol reactive linker co.lumn for well-defined protein-
filter DNA bioconjugates.

— purification step required

Tag Capture Methods O
+ easy, one step workflow O‘ + —— no purification required B —
+ site specific

— less stable than covalent coupling Tagged protein: ligand-strand with
e.g. His-tagged capture group

NTas, anti-Fc, streptavidin, Strep-Tactin® XT,
anti-GFP, anti-GST, protein A & G, .

Figure 12. Comparison of ligand preparation strategies: covalent coupling versus capture via tag. Covalent
coupling is accomplished via conjugation to reactive groups on the protein, resulting in a stable conjugate DNA-
ligand that requires to be purified before use. Capture via tags on the protein is more site-specific, does not require
purification before use, but it is less stable than a covalent coupling. Copyright: Dynamic Biosensors.

Thanks to this biochip design, it is also possible to modulate the density of the ligand on the
surface, allowing to adjust the distance between the ligand strands. The ligand density control
on the surface is achieved with both biochip types. In MP biochip, adjusting the ligand density
on the surface is carried out by mixing the ligand strand with an adjustable ratio of strand with
a quencher, in order to turn off the fluorescence of the dye already present on the surface and
to reduce the ligand density on the surface. In ADP biochip, the ligand density is varied by
mixing an adjustable ratio of the ligand strand with the adapters with a dye, with cAnchor
strand, the complementary sequence of the anchor strands (Figure 13A). This strategy is useful
also to study tight binders kinetics, since the low density surfaces avoid possible rebinding
effects, which might cause artefacts on the kinetic values, and to study affinity vs avidity of
multivalent analytes that can bind to more than a target ligand (e.g. bi- and multi-specific
antibodies, proteins or small molecules). In this specific case, the ligand strands carrying two
different target ligands are hybridized with adapters with different dyes (red and green), and
they are mixed in variable ratios according to the desired density on the biochip surface (Figure
13B) to mimic for example a cellular surface.
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Figure 13. Density control in ADP biochip. A) density control of a ligand on the biochip surface is achieved by mixing
the ligand strand with adapters with a dye together with a variable ratio of cAnchors without dye. In this way the
distance of the ligand on the surface can be increased. B) density control of two different ligands on the surface is
realized by mixing one ligand with the adapter with a red dye and the second ligand with the adapter with a green
dye. It is possible to achieve different ligand densities of the two ligands by mixing them with the adapters in
different ratios (e.g. 50:50, 80:20, etc.). Copyright: Dynamic Biosensors.

1.4.3 General workflow

Despite their slightly different designs, MP and ADP biochips allow to perform binding
measurements in a similar way (Figure 14). A typical switchSENSE® kinetic binding assay
workflow consists of three subsequent steps:

1)

Functionalization of the biochip surface, which consists in the hybridization of the
complementary strands of the anchor DNA strands, bringing the ligand of interest (e.g.
protein, small molecules, DNA/RNA sequence, etc.) on the surface, with (ADP chip) or
without (MP chip) a fresh dye. It is possible to follow the chip functionalization in real
time as an increase in fluorescence thanks to the presence of the dye on the anchor
strand (for MP chips). The functionalization on the ADP chip requires a pre-
hybridization (ca. 20 min) of the adapter strand with the ligand strand, since the
adapter strand is the one carrying the fluorescent dye, needed for the analysis.

Kinetics analysis, which take place through the analyte injection and ejection. The
binding kinetics consist of analyte association and dissociation phases. The analyte
interaction with the ligand can be detected via fluorescence signal changes, as
explained beforehand. The time needed for the analyte to interact with the ligand is
correlated with the association rate (kon), and depends on the concentration of the
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analyte. Afterwards, the buffer is injected at a specified flow rate (up to 500 pL/min)
and as consequence the analyte dissociates from the ligand. The time needed for the
full dissociation of the analyte correlates to the dissociation rate (korr), and the stronger
the binding between the two molecules, the longer the buffer is required to flow on
the surface.

3) Regeneration, in which the biochip surface is washed with a high pH solution, that
disrupts the weak bonds of the duplex nanolever. This step is extremely fast (few
seconds contact time) and fundamental to restore the original condition of the biochip
surface with anchor strands ready to be re-functionalized with the new ligand strand.
This switchSENSE® step is different from all the other technologies (e.g. SPR), because
in this case the regeneration solution removes everything (ligand included) from the
surface, and not only the analyte. The regeneration step is especially important when
the analyte is tightly bound to the ligand, and a buffer injection is not sufficient to let it
dissociate completely. Furthermore, the chip regeneration allows to use several times
the same biochip for different applications (up to 50-60 times).
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Figure 9. General workflow of a switchSENSE® experiment by using a MP chip (A) or ADP chip (B). 1)
Functionalization of the surface biosensor is the step where the ligand of interest is immobilized on the surface. 2)
Kinetics analysis, where the analyte is injected and ejected. The analyte interacts with the ligand during the
association phase, and then dissociate from the ligand and gets ejected when the running buffer is injected in the
channel. 3) Regeneration step after each kinetics can be performed to restore the initial condition of the surface
by washing away analyte and ligand with the injection of a high pH solution. Copyright: Dynamic Biosensors.

switchSENSE® allows to measure binding kinetics and affinity, and to discriminate between
affinity and avidity [41,45], it allows to evaluate enzymatic activity [46,47], to gain structural
information on size and conformation [48-50], and to assess protein stability (melting
temperature) [51]. There are many reported case studies, ranging from DNA- and RNA-binding
proteins and enzymes [46,52], protein and small molecules [53] and multivalent peptides [54],
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bivalent molecules, such as bivalent antibodies [45,55] like Hemlibra® [41], bispecific small
proteins (e.g. DARPIns), and bispecific or multispecific small molecules like PROTACs (described
in chapter 3) and molecular glues.

1.4.4 Advantages and disadvantages

switchSENSE® technology is a DNA-based label-free on surface-based method that has the
following advantages:

i) real time kinetic information of molecular binding interactions are provided,
including association rate (kon), dissociation rate (korr) and affinity constant (Kp);

i) analysis of avidity, multispecific binders, and enzymatic activity (kcet and Kv) and
conformational change can also be studied;

iii) simple biochip functionalization, either via covalent coupling or different capture
methods, allowing control of ligand density and dual targets ratio;

iv) fast and clean regeneration step.

However, it presents also some disadvantages, such as:

i) it requires the immobilization of the ligand on the surface, like in SPR, that it is not
always straightforward, especially for big proteins, and it might affect the functional
properties;

ii) since switchSENSE® is a method based on electrical stimulation and optical detection
with a DNA-based technology chip, possible limitations might occur when measuring
autofluorescent or heavily charged molecules, or unwanted DNA binders, which might
interfere with the results. However, there are some experimental tricks that can be
applied to overcome these aspects.
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1.5 Objectives

The aim of this PhD project is to study the interaction between different classes of molecules,
ranging from small molecules, aptamers, to proteins and enzymes. Indeed, obtaining detailed
information on how these molecules interact is fundamental to deeply understand the
biological processes that are of high interest in biomedical and pharmaceutical research, in the
biotechnology field and in the drug discovery process. Herein, three different case studies have
been selected and fully characterized using switchSENSE® technology:

1. The Thrombin-Binding-Aptamer (TBA) was deeply characterized on the DNA-based
biosensor surface. This project was focused on the study of aptamer folding and
unfolding induced by ions, and on the salt-dependency of the thrombin affinity and
binding kinetics. The results show that these mechanisms are strongly dependent on
the type and concentration of ions present in solution, affecting significantly both the
folding orientation and the binding affinity for the target molecule. It was
demonstrated how the assay orientation (whether the aptamer or the target protein is
the ligand immobilized on the surface) plays also a major role in the recorded values,
emphasizing how careful must be the evaluation of the characteristics of specific
aptamers for relative targets. The described strategy is applicable in a straightforward
manner to any other DNA or RNA aptamer, showing its value in diagnostic applications.

2. A supramolecular DNA construct, named Y-structure, was developed to describe the
formation of ternary complexes induced by PROteolysis TArgeting Chimeras
(PROTACs), a class of synthetic bifunctional small molecules able to induce protein-
protein interactions for targeted protein degradation. In more detail, this project
focuses on the development of a new strategy for studying PROTACs binding into a
monovalent way to a single ligand (binary interaction) or in a bivalent way to two target
ligands at the same time (ternary interaction), therefore allowing to distinguish
between affinity and avidity in a single experiment. PROTACs are becoming more and
more popular in the drug discovery field for their ability to induce intracellular
degradation of specific target proteins. The described results showcase a novel strategy
for high throughput screening and full kinetic characterization of ternary complex
formation upon PROTACs binding in the pre-clinical phase.

3. A method to investigate DNA-modifying enzymes was established (e.g. polymerases,
reverse transcriptases, helicases, etc.) for studying their DNA binding properties,
substrate-induced elongation activity, and activity inhibition. Polymerases are of great
value in biotechnological field, for their use in the PCR (Polymerase Chain Reaction) and
sequencing techniques, as well as in the biomedical field for their role in DNA
replication. In this project, based on a previous method developed by Langer [46], the
versatility of the DNA-based biosensor was expanded by describing a simple
experimental workflow for kinetics, activity and inhibition assay that can be easily
adapted to any DNA- or RNA-modifying enzyme.
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2. Kinetic characterization of ion-dependent aptamer folding and
protein binding

Abstract

Therapeutic and diagnostic nucleic acid aptamers are designed to bind tightly and specifically
to their target. The combination of structural and kinetic analyses of aptamer interactions has
gained increasing importance. Here, we present a fluorescence-based switchSENSE®
aptasensor for the detailed kinetic characterization of aptamer—analyte interaction and
aptamer folding, employing the thrombin-binding aptamer (TBA) as a model system.
Thrombin-binding aptamer folding into a G-quadruplex and its binding to thrombin strongly
depend on the type and concentration of ions present in solution. We observed
conformational changes induced by cations in real-time and determined the folding and
unfolding kinetics of the aptamer. The aptamer’s affinity for K* was found to be more than one
order of magnitude higher than for other cations (K* > NH4* >> Na* > Li*). The aptamer’s affinity
to its protein target thrombin in the presence of different cations followed the same trend but
differed by more than three orders of magnitude (Kp = 0.15 nM to 250 nM). While the stability
(korr) of the thrombin—TBA complex was similar in all conditions, the cation type strongly
influenced the association rate (kon). These results demonstrated that protein—aptamer
binding is intrinsically related to the correct aptamer fold and, hence, to the presence of
stabilizing ions. Because fast binding kinetics with on-rates exceeding 108 M™'s™ can be
quantified, and folding-related phenomena can be directly resolved, switchSENSE® is a useful
analytical tool for in-depth characterization of aptamer—ion and aptamer—protein interactions.

2.1. Introduction

Aptamers are single-stranded oligonucleotides with ideally high-binding affinity and specificity
for their targets [1,2]. Currently, numerous aptamers have been selected for a wide range of
targets, including proteins, small molecules, and even whole cells [3-5]. Due to the presence
of some similarities and its many advantages, aptamers are often compared to antibodies, with
similar hopes for diagnostic and therapeutic applications [6]. Both can be designed to bind their
targets with very high affinities. The observable trend in the field of antibodies to develop
bispecific or trispecific antibodies with two or more binding sites combined, applies to
aptamers as well [7]. Multi-specific antibodies or aptamers mediate increased specificity, even
slower off-rates from the target, or recruitment of specific effectors to a targeted site.
However, multiple binding sites challenge the analysis of binding and unbinding rates,
important factors in pharmacokinetics. Advantages of aptamers over antibodies start at the
development stage. Raising a specific aptamer via an in vitro systematic evolution of ligands by
exponential enrichment (SELEX) process takes less time in comparison to raising a new
antibody, and does not have any animal requirements, which results in overall lower costs.
During the very reproducible production it is easy to include site-specific chemical
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modifications or labels in aptamers. Nucleic acid aptamers exhibit a high thermal stability and
good tissue penetration due to their small size [6]. Disadvantages of aptamers include their
susceptibility to nucleases in the blood stream, which can be overcome by site-specific
chemical modifications. For example, modifications of the 2'-OH of the nucleobase ribose,
together with a 3' inverted deoxythymidine (idT) cap, has led to an increased half-life in the
blood stream of the first aptamer approved for clinical applications, the polyethylene glycol
(PEG)-conjugated, anti-vascular epithelial growth factor (VEGF) aptamer NX1838 [8]. However,
any modification introduced into an aptamer might change its affinity and specificity for its
target as well, which needs to be carefully controlled. A long-known and well-described
example of a G-quadruplex aptamer is the 15mer thrombin-binding aptamer (TBA), recognizing
the fibrinogen-recognition exosite | of thrombin via predominantly ionic interactions [9].
Thrombin is a serine protease and has a central role in the coagulation cascade. In normal
conditions, thrombin is not present in human blood, but during coagulation its concentration
varies from pM to uM levels [10,11]. Therefore, analytical assays with high sensitivity, but
broad active range, for thrombin detection are of crucial importance in clinical practice.
Numerous assays for thrombin detection have been developed up to date, with more than a
hundred based on detection by aptamers alone [12]. All these assays come with strong
differences in detection limits and have revealed a very broad range of dissociation constants
(Kp) for this aptamer—protein interaction, ranging from 200 pM [13] to 3 digit nM affinities [14].
The sensitivity of the interaction towards changes in the buffer system, assay orientation,
detection method, and more, results in weak reproducibility of the Kp. Nevertheless, the often-
reported detection limit of lower pM thrombin concentrations could not be achieved with a
nM Kp, indicating that in, ideal conditions, thrombin is binding to TBA with a pM Kp. Moreover,
historically, the TBA has been used as model system to demonstrate the proof-of-principle of
aptamer-based assays in general [12]. Notably, single-molecule nanopore conductance studies
have been performed to obtain data on label-free TBA folding and unfolding in the presence
of different types of cations [15]. Considering the importance of the correct fold of the aptamer
for its binding ability, it is of crucial importance to develop an easy assay that allows
investigation of the role of solution components and target interaction on the aptamer fold.
Since the binding site of aptamers is not the primary nucleic acid sequence, but the secondary
structure, folding has a tremendous influence on the binding efficiency. Many aptamers that
recognize biologically relevant protein targets reach activity by folding into G-quadruplex
structures [16]. The DNA or RNA G-quadruplex structures have four guanines positioned in a
square plane (G-tetrad) and have two or more G-tetrads stacked on top of each other [17]. The
guanines coordinate a cation in the middle or in between G-tetrads, which is essential for
correct folding. Interestingly, the type of cation is of great importance to the folding
conformation. While both Na* and K* have been found to bind to the TBA, steady-state nuclear
magnetic resonance (NMR) provided good indications that they do not form the same
interactions with TBA and might induce alternative folds. NH4*, however, binds less stably than
K*, but induces the same anti-parallel G-quadruplex fold [18]. The correct coordination of the
cation among the two G-tetrads seems to depend on the ionic radius, since cations with ionic
radii in the range of 1.3-1.5 A fit well (K*: 1.33 A, NH4*: 1.45 A). In contrast, smaller or larger
cations are not able to coordinate properly with the guanines. The Li* and Na* ionic radii are
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0.6 A and 0.95 A, respectively, and therefore too small to fill the position of the central ion
[15,19,20].

In addition to the induction of the folding of the G-quadruplex by ion coordination only, the
role of target interaction is discussed as well. Structures of aptamers free of (apo) or bound by
their target in a steady state have been solved by circular dichroism (CD) [14], crystal structures
[21], and NMR [18]. These studies provide insight into the capability of different molecules to
induce folding of aptamers which are not fully folded in their apo state (induced fit) [22].
Observation of the folding and unfolding processes in real-time, however, is limited by a
scarcity of suitable methods. Commonly, fluorescence spectroscopy methods (e.g.,
fluorescence resonance energy transfer (FRET)) have been employed for the measurement of
folding kinetics upon initiation by ions or target molecules. Even more challenging is the
measurement of the unfolding rate, which requires fast wash-out of the analyte. This is not
amenable in spectroscopy methods and to date mainly relies on modeling approaches. The
application of standard methods for rate elucidation, notably surface plasmon resonance
(SPR), to aptamer folding is limited. Both the detection of conformational changes, as well as
binding of very small molecules such as ions to aptamers immobilized by large complexes,
typically streptavidin, have proven difficult in SPR [23]. A better understanding of factors
influencing folding and binding rates is necessary to gain control and build confidence in the
sensitivity and specificity of aptamers. Here, we introduce a convenient technology for the
study of aptamers and their target interaction. switchSENSE® [24—26] is an emerging
technology for biophysical quantification of binding and activity rates, in addition to a friction
read-out. Adaptation of the DNA-based switchSENSE® biosensors for aptamer measurements
allowed us to profit from the inherent advantages of the technology for nucleic acid ligands,
including quasi modification-free aptamer immobilization on the biosensor by hybridization.
We characterized the well-described TBA model system by ranking K*, Na*, NH4*, and Li* in
their anti-parallel G-quadruplex folding capacity. We quantified the ion association (kon) and
dissociation (korr) rate and observed the folding and unfolding rates (kr, ku) in real time.
Furthermore, we reported extraordinarily fast on-rates and dissociation constants (Kp) down
to the pM range for thrombin binding to TBA, depending on the buffer conditions. The broad
dynamic range of detection of the aptasensor renders it a superior choice for quantification of
thrombin from serum samples in diagnostics. Resolution of residence times and complex
binding stoichiometries, on the other hand, are believed to aid in the development of
therapeutics. Lastly, the resolved folding and binding processes allowed the conclusion of
thrombin actively inducing the G-quadruplex fold.

In summary, targeting aptamers for diagnostics and therapy requires a detailed understanding
of folding and interaction kinetics. We developed a powerful aptasensor for rapid and in-depth
characterization of aptamers based on the switchSENSE® technology, which can be easily
adapted to various DNA/RNA aptamers.
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2.2 Results
2.2.1 Development of the aptasensor

Quantification of kinetic rates can be achieved on various commercial technologies. Since the
switchSENSE® biosensor comes with pre-immobilized DNA, it is designated for nucleic acid
ligands. The general switchSENSE® assay workflow is depicted in Figure 1A. We created an
aptasensor by functionalizing the single-stranded (ss) DNA covalently immobilized on the
switchSENSE® biosensor (termed nanolever) via hybridization of a complementary strand (cNL-
B) elongated with the aptamer sequence (Figure 1A, @). The aptasensor setup can be seen in
more detail in Figure 1B (right electrode). We extended the 5’ end of cNL-B with a short linker
that is followed by the TBA sequence (see Material and Methods section for exact sequences).
A quencher can be placed on the distal end of the aptamer sequence to enhance the folding
read-out. Upon anti-parallel G-quadruplex formation, the quencher comes into proximity of
the immobilized dye. Alternative conformations can be detected by placing the quencher at
different positions on the aptamer, the resulting quenching efficiency will provide insight into
the relative distance of the respectively targeted nucleotide to the dye. Here, the quencher
can help to confirm aptamer immobilization on the surface. The hybridization of the
complementary strand of the nanolever without TBA leads to the formation of a double-
stranded (ds) DNA on the surface (Figure 1B, left electrode). Thereby, the fluorophore is
pushed further away from the gold surface of the biosensor, since dsDNA is more rigid than
ssDNA. This results in an increase of fluorescence due to the reduction in the quenching by the
gold surface (Figure 1C, red trace). The hybridization of the TBA- and quencher-functionalized
cNL-B leads to an increase in fluorescence as well, since the formation of the dsDNA base
increases the distance of the dye from the gold surface. However, at the same time the
qguencher reduces the total fluorescence during the real-time functionalization of the sensor.
Consequently, the fluorescence increase is smaller (Figure 1C, blue trace). The difference in
fluorescence increase at full surface saturation (indicated by arrows on the right side of Figure
1C) allows to differentiate the biosensor functionalized with dsDNA from the aptasensor.
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Figure 1. Aptasensor setup. (A) The aptasensor workflow consisting of (Dsensor functionalization, @+ @ analyte
kinetics, and @ sensor regeneration. The cycle can be automated to continue to bring various targets of interest
onto the surface. (B) Scheme of the aptasensor surface. On the left, the immobilized single-stranded nanolever
(NL) is functionalized with a complementary sequence (cNL), forming dsDNA. On the right, cNL is extended with
the thrombin-binding aptamer (TBA) sequence, carrying a quencher on the distal end. (C) Real-time surface
functionalization with dsDNA (red) and dsDNA-TBA with quencher (blue). Fluorescence amplitudes reached are
marked with respective arrows.

Once the functionalization of the surface with TBA has been confirmed, the ion or protein
analyte is injected. Folding and binding kinetics can be measured in real-time upon association
and washing out of analyte, respectively. The analyte influences the local fluorophore
environment leading to a fluorescence change upon binding (Figure 1A, @) and restoring the
original fluorescence level upon removal (Figure 1A, @). Washing the biosensor surface with
regeneration solution allows to remove any hybridized ligand and prepares the immobilized
ssNL for the injection of the next sample (Figure 1A, @). This automated workflow enables
sampling of various targets of interest with low sample consumption.

2.2.2 Real-time kinetics of aptamer folding

As discussed in the introduction, cations influence the formation and stability of the G-
quadruplex structure. However, rates of ion-induced folding and unfolding have only been
reported in sporadic studies [15]. Therefore, we first subjected the immobilized aptamers to
K*, NH4*, Na*, and Li* ions and compared their influence on the G-quadruplex folding.
Employing the setup shown in Figure 1A, the association of ions to TBA was observed by a
concentration-dependent fluorescence decrease. The aptamer sequences were functionalized
with a quencher (BBQ-650®) at the 5' end for enhanced signal amplitude for these
experiments. Importantly, the microfluidic setup was able to wash out the ions tested on an
millisecond (ms) timescale, allowing the aptamers to release bound cations and come back to
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an unfolded state. Correspondingly, dissociation of ions resulted in a fluorescence increase
back to starting levels, representing the unfolding. Addition of salt as analyte changes the ionic
strength of the solution and might have an influence on the fluorophore itself. To correct for
the influence of the ionic strength on the fluorescence signal, data shown in Figure 2 are
referenced with the signals obtained by injection of the same analyte solutions to a non-folding
control, the “scrambled TBA” (TBAsc). It contains the same nucleotides as TBA, but in a changed
order that prevents G-quadruplex formation (Figure 2A). Figure 2B—E shows the real-time
concentration-dependent folding in the presence of K*, NH4*, Na*, and Li*.

A -
o
i cations
[ I N )
faﬁt f?
TBAsc TBA TBAsc
B C D E
—_ [K'] (mM) [NH,"] (mM) [Na'] (mM) _ [Li'] (mM)
3 : O Sooomel Tl
o .t gty LR 0z
o :ﬂ?‘: 0 o .. ..‘ .-’:"#'fk
, “ "r‘-:z.
c - . 75,
P -10 " 150
) 300
o
> s : .20
& 3 102 0 1020 01020 0 1020 0 1020 0 1020 01020 0 10 20
Time (s) Time (s) Time (s) Time (s)

Figure 2. Kinetics of cation-dependent aptamer folding. (A) Schematic representation of the effect of cations on
thrombin-binding aptamer (TBA) and scrambled TBA sequence (TBAsc) folding. Upon G-quadruplex formation the
5’ quencher is brought into proximity of the fluorophore, thus the fluorescence decreases. (B—E) Real-time
fluorescence signal (dots) and fits (solid lines) of a representative experiment measuring the association and
dissociation phases of: (B) K*; (C) NH4*; (D) Na*; (E) Li* to immobilized TBA carried out in 50 mM Tris. Binding signal
to TBA is referenced with binding signal to TBAsc.

We observed a strong signal decrease upon injection of K*, related to an efficient ion binding
and, thus, aptamer folding (Figure 2B). Fitting the K* kinetics yielded a Kp of 8 mM (kon and korr
rates are reported in Table 1). We observed a similar behaviour for NH4* ions (Figure 2C),
though with slower on and faster off rates and a Kp of 104 mM. The dependence of the
conformational change on ion concentration indicated that the rate-limiting step was ion
binding and not folding. At highest ion concentration, the ion binding was not rate-limiting
anymore, therefore we interpreted the observed rate as the maximum possible folding rate
(see the Discussion section). We observed TBA folding at a rate of 1.26 s7* in the presence of
75 mM KCl, and only slightly slower at 1.18 s7* in the presence of 300 mM NH4*. Interestingly,
in both KCl and NH4Cl we got close to the maximum saturation levels (amplitudes levelling off
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at minimum), the total fluorescence change was much larger in KCl (~¥40%) than in NH4Cl
(~25%). Since the extent of quenching was directly related to the distance of the quencher
from the dye, a lower amplitude represents an average larger distance. It should be noted that
the differences in amplitude can be caused by less ion binding/folding and/or an alternative
folding state. Association and dissociation of Na* and Li* ions resulted in concentration-
dependent step function signal decreases and increases, respectively, which could not be fit
with a mono-exponential fit function (Figure 2D—E). This indicates very low affinity of these
ions to the aptamer or low antiparallel G-quadruplex folding capacity. Our findings correspond
with Li* generally being regarded as a monovalent cation having no effect on G-quadruplex
folding [15,27]. The slight decrease in fluorescence signal upon Li* injection was likely caused
by non-G-quadruplex like conformational changes that alter the distance of the quencher to
the dye. Similarly, Na* has been reported to induce folding of an alternative conformation,
which is more dynamic and does not end with the 5' quencher in close proximity of the dye
[18].

Table 1. Summary of ion-TBA kinetic parameters in 50 mM Tris buffer, observed by the conformational change
they induce. Rates of ion binding were obtained by global mono-exponential fits. The ion dissociation rate kog
represents the minimum rate to allow the observed unfolding rate ku. The folding rate ke was the observed rate at
highest salt concentration tested. Values shown represent the mean (+ standard deviation, SD) of three
independent experiments.

lon kon (M™1s72) korr = ku (1071 s72) Ko (mM) ke (s72) Kt (no unit)
NH4* 2.96+£0.8 3.07+£0.3 104 + 40 1.18£0.23 3.84+£0.8
K* 15.2+1.7 1.20+£0.01 789+13 1.26+0.14 10411
Na* - - - - -
Li* - - - - -

kon = rate constant of ion binding to TBA (M~1s™1); korr = minimum rate constant of ion dissociation from TBA (s™1); Ko = equilibrium dissociation
constant of ion (M) calculated by Kp = kore/kon; ke = observed rate of TBA folding (s7%); ku = rate constant of TBA unfolding (s7!); K = ratio of
TBA folding versus unfolding calculated by Kr = ke/ku.

Overall, our results show G-quadruplex folding induced by K* and, with lower affinity for TBA,
by NH4*. Na* was shown to have a very low affinity and likely induces alternative conformations,
while hardly any binding of Li* was observed.

2.2.3 Influence of salt species on Thrombin binding Kinetics

Analysis of the folding and unfolding rates and extent of TBA folding showed a clear
dependence on the nature of the ion present in solution. The effect of pre-folded G-quadruplex
on thrombin binding was not clear. Therefore, we next determined the influence of the
different ions on the kinetic rates of thrombin binding to TBA (Figure 3A). All ions were used at
a fixed concentration of 140 mM. In contrast to the folding experiments, we did not
functionalize the aptamer with a quencher for these binding experiments, because
fluorescence signal changes due to the changes in the local environment of the immobilized
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dye were observed upon thrombin binding even without quencher. Both the protein itself, as
well as the 5' terminal guanine of TBA, are able to affect the fluorescence. Figure 3B—E shows
the real-time concentration-dependent association and dissociation curves of thrombin
interaction in the presence of K*, NH4*, Na*, and Li*. In this case, the association of thrombin to
TBA was detected by a concentration-dependent fluorescence decrease, and its dissociation
resulted in a fluorescence increase back to initial levels. Single-exponential binding behavior
was observed as expected for a one-to-one-interaction. Global fitting of the curves yielded on-
rates strongly dependent on the nature of the ions in solution. Surprisingly, K* enabled an
extraordinarily fast on-rate of kon = 3.8 x 108 M~1s™*. We would like to highlight that these
extremely fast on-rates can only be resolved with sufficiently high flow rates. Figure S1,in the
Supplementary Materials, shows in fact the effect on kon and korr in the presence of K* at 100,
500, and the applied 2000 uL/min flow rates. Slower analyte transport yielded lower on-rates
due to the mass transport limitations, as well as reduced off-rates due to the rebinding.

Comparing the two physiologically relevant ions K* and Na*, we found that kon of thrombin in
the presence of Na* was 10 times lower than in the presence of K* (kon = 3.3 x 107 M~1s71,
Figure 3C). This is in good agreement with the folding data and literature: K* ions stabilize the
folding of TBA into a G-quadruplex and thus facilitate thrombin binding [28,29]. In contrast,
alternative conformations in the presence of Na* [18] first need to be transformed to the
thrombin-binding anti-parallel G-quadruplex fold. Furthermore, we analyzed the kinetics in the
presence of ammonium ions, which have been reported to pre-fold the same G-quadruplex as
K*, though with lower affinity [18]. The previously determined Kp of NH4* results in more than
50% of TBA being pre-folded in the applied condition of 140 mM salt. Interestingly, we found
that the affinity of thrombin was in the same range as in the presence of K*, with the kon rate
reduced by a factor of 2 (1.7 x 108 M~1s7%, Figure 3D).

The effect of the presence of Li* ions is controversial, but it is considered to be the least
efficient in folding the active G-quadruplex [19]. Nevertheless, we observed concentration-
dependent association of thrombin to TBA in LiCl buffer. Here, the on-rate of thrombin was
significantly lower at 2.6 x 10°> M~'s™%, which is 1000 times slower than in the presence of K*.
Accordingly, the interaction was observed only in the presence of comparably high thrombin
concentrations above 7 nM (Figure 3E). Intriguingly, the ion-dependent shift in affinity was
solely caused by changes in the on-rate, while the off-rate was well comparable in all conditions
tested. This results in Kps in the picomolar to nanomolar range, as listed in Table 2 and
visualized in the rate plot in Figure 3F.
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Figure 3. Influence of cation on thrombin—TBA kinetic rates. (A) Schematic representation of thrombin—TBA
interaction. (B—E) Real-time fluorescence signal (dots) and fits (solid lines) of a representative experiment
measuring the association and dissociation phases of thrombin (T) to immobilized TBA carried out in: (B) TE140-
KCl; (C) TE140-NaCl; (D) TE140-NH4CI; (E) TE140-LiCl. (F) Rate plot. The error bars (SD of three consecutively
measured datasets) are smaller than the symbol size.

Table 2. Summary of thrombin—TBA kinetic parameters in indicated buffers. Data represent the mean (+ standard
deviation, SD) of three independent experiments.

Buffer kon (107 M- S_l) Korr (10_2 S_l) Kp (nM)
TE140-KCl 38+1.3 58+0.1 0.15+0.01
TE140-NH.Cl 17+1.0 48+0.1 0.28 £0.02
TE140-NaCl 3.3+£0.2 43+0.1 1.31+£0.12
TE140-LiCl 0.03+0.01 6.3+0.4 245 £ 94

In conclusion, we demonstrated the dependence of thrombin association on the type of cation

in solution and resolved on-rates of thrombin to TBA up to the 102 M1s™?

range in best

conditions, which contain cations that facilitate thrombin binding by pre-folding of the G-

quadruplex.
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2.2.4 Specificity of TBA for Thrombin interaction allows broad dynamic range

Herein, we firstly demonstrated the influence of the cation species on the TBA—thrombin
kinetics, applying thrombin concentrations from 31 pM to 250 nM to reach significant fractions
bound in all buffers. Many methods are limited in their dynamic range, by lacking sensitivity
for low concentrations and increasing the background at high concentrations. The challenging
detection of low pM concentrations can be achieved by the switchSENSE® aptasensor within
30s contact time (Figure 3B). Next, we designed specificity controls to exclude background
contributing to our binding signals at higher protein concentrations. To study the sequence
and structure specificity of the thrombin—aptamer interaction, we used two control sequences:
i) TBAsc which does not fold into a G-quadruplex structure, ii) Human Telomeric repeat
Aptamer (HTA), which is another G-quadruplex forming aptamer. Both aptamers were tested
in the best binding conditions (TE140-KCl) with a thrombin concentration of up to 10 nM,
covering the range of concentrations applied in K*, NH4*, and Na* buffers. As shown in Figure
4A, we could not observe any association of thrombin to TBAsc, indicating that our obtained
binding signal in Figure 3 was specific for the folded TBA structure. Furthermore, we neither
observed thrombin binding to HTA (Figure 4B), which is known to form a G-quadruplex
structure in the presence of K* [30]. These findings underline not only the structure-, but also
sequence-specificity of the thrombin binding aptamer. Lastly, we increased the protein
concentration to 250 nM in TE140-LiCl and checked for non-specific interactions of this high
protein concentration with TBAsc. The lack of signal in Figure 4C confirms that even at high
concentrations, thrombin binding is specific at the salt concentration applied for the binding
experiments. In conclusion, we showed a broad dynamic range of the aptasensor from low pM
to high nM target concentrations.
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Figure 4. Specificity controls of thrombin—TBA interaction. (A,D) Schematic representation of the controls used.
Real-time fluorescence signal (dots) during thrombin (T) kinetics with: (B) immobilized TBAsc; (C) immobilized
human telomeric repeat aptamer (HTA) in TE140-KCl; (E) immobilized TBAsc in TE140-LiCl with indicated protein
concentrations. In these conditions, no folding and/or binding were observed.

Importantly, we maintained an ionic strength of 150 mM in all tested conditions and only
altered the type of cation added to the buffer. This was a prerequisite for specific thrombin
interaction, since in a background of 50 mM Tris without any additional salt, we observed non-
specific interaction of thrombin with dsDNA at high protein concentrations (>100 nM) (Figure
S2C). The presence of TBA or TBAsc in this no-salt condition reduced the minimum thrombin
concentration leading to a non-specific signal to 62.5 nM thrombin, with an overall higher
signal amplitude (Figure S2A,B). These controls indicate that low ionic strength can lead to non-
specific interaction of thrombin with ds and ssDNA.

2.2.5 Immobilized target for aptamer screening

All data shown so far were obtained with the aptamers immobilized on the sensor surface.
However, the process of aptamer selection SELEX [1,2] yields a variety of different aptamers,
which need to be screened against one target. Next, we show a reversed assay format that
facilitates such screenings of the obtained aptamers. In this setup, thrombin is immobilized on
the sensor surface as covalent conjugate to the cNL-B sequence. The same measurement
workflow as described in Figure 1 was applied for the immobilization of thrombin on the
sensor. In the first step, the DNA conjugated to thrombin was hybridized to the surface-
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immobilized ssDNA nanolever. Subsequently, the thereby thrombin-functionalized surface was
exposed to different aptamers (TBA, TBAsc, HTA) in TE140-KCl buffer, as indicated in Figure 5A.
Association of TBA to thrombin was detected by a concentration-dependent fluorescence
increase, and its dissociation resulted in a fluorescence decrease back to initial levels. Figure
5B—D show the real-time concentration-dependent association and dissociation data of TBA,
TBAsc, and HTA with thrombin. We confirmed specific binding of TBA to immobilized thrombin
(Figure 5B). The resulting association and dissociation rates were kon = 4.6 + 1.9 x 10’ M~1s7!
and korr = 2.8 £0.6 x 1071 571, respectively, yielding a Kp = 6.2 £ 4 nM. It is noteworthy that the
dissociation constant was higher than determined in the previous assay orientation.
Nonetheless, the screening correctly identified TBA as the binding partner. In contrast, neither
TBAsc nor HTA showed any interaction (Figure 5C,D). These controls confirm that the
immobilized thrombin was only recognized by specifically raised aptamers.
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Figure 5. Reversed assay orientation. (A) Schematic representation. (B—D) Real-time fluorescence signal (dots) and
fits (solid lines) during association and dissociation phases of aptamers to immobilized thrombin carried out in
TE140-KCI. Thrombin binding kinetics of (B) TBA; (C) TBAsc; (D) HTA. In (C) and (D) no binding was observed.

2.3 Discussion

The purpose of this study was to facilitate high-quality, in-depth analysis of aptamers. We
demonstrated how the switchSENSE® technology can resolve aptamer folding and unfolding
upon interaction with small molecules, such as ions, and provide rates of target kinetics. We
chose thrombin and its well-described 15mer TBA [9] as a model system to develop an
aptasensor and investigate advantages and limitations of the switchSENSE® technology for
aptamer measurements.

2.3.1 Real-time folding and unfolding rates coupled to ion binding

The conformational change in TBA was directly dependent on the cation binding to the
aptamer. The association of positively charged cations to the negatively charged DNA was
strongly driven by ionic interaction and affected the DNA self-interaction. Furthermore,
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fluorophores were sensitive to ionic strength. This resulted in control DNA TBAsc showing the
same concentration-dependent, but cation type-independent, signal change in response to all
cations (see raw data in Figure S4). In contrast, TBA reacted in a cation-dependent way beyond
the signal of ion binding alone. To extract the TBA-specific rates, we therefore referenced the
TBA with TBAsc signal. This leaves us with a rate that had in fact two components: 1) the
kinetics of the ion with TBA; 2) the rate of the conformational switch in response to the ion.
Though, we observed some degree of folding in response to all cations tested, only in the
presence of K* and NHs"* we could apply a global mono-exponential fit and observe
concentration-dependent signal saturation. The dependence of the folding rate on the ion
concentration indicated that the ion-binding was the rate-limiting step at lower
concentrations. The observed rate constant, therefore, represents kon of the cation. We report
kon of K" = 15.2 M71s7 and kon of NHs* = 2.96 M~1s71. Since unfolding dynamics cannot be
synonymized with ion residence time [19], the ion must dissociate from the complex to allow
unfolding. By the example of NH4", this is allowed by an exchange rate from TBA-bound to bulk
of 1.0 s7t at 15°C [18]. This rate is very close to the unfolding rate in our setup ky(NH4*) =0.31
s7!, measured at 25°C. In contrast to binding, it is not possible to limit the unfolding rate by
changing the ion concentration. We, therefore, used TBA unfolding rates synonymously to the
minimal ion dissociation rates. In line with literature, K* not only showed faster on-rates, but
also slower off-rates (ky(K*) =0.12 s71) than NH4*. Both Na* and Li* exhibited residence lifetimes
below our ms resolution, which indicates that they were inducing rapidly, switching alternative
conformations. We have concluded that sub-maximum ion concentrations limit the folding
rate. Conversely, applying ion concentrations above their binding saturation level should result
in maximum folding rates. We therefore report a K*-dependent observed folding rate of 1.26
s7tin a background of 75 mM KCIl. NH4* induced slower folding at 1.18 s~ at 300 mM. It should
be noted that this rate was still limited by ion concentration, since the Kp = 104 mM indicates
NH4Cl should be used at ~1 M to reach saturation. Measured by an entirely different method,
Shim et al. [15] obtained very comparable folding kinetics of TBA, particularly the unfolding
rate (ku(K*) =0.07 s7%; ku(NH4%) = 0.25 s71). The employed method of single-molecule nanopore
conductance studies directly measures the unfolding rate ky. However, the observed folding
rate ke was calculated from Kr = ke/ku. In contrast, here we observed both folding and unfolding
rate directly. The Kp of potassium (Kp = 8 mM) was more than one magnitude higher than for
NH4*, while folding by Na* and Li* could not be quantified. The difference in folding capacity
has been related to the ionic radius: Na* is too small to properly coordinate with the guanines
of the G-tetrad (see Introduction). Therefore, TBA mainly folds into a parallel-type G-
quadruplex structure in the presence of Na* ions [18], which did not result in efficient
guenching in our setup. Correspondingly, we could not quantify folding rates in the presence
of Na* and Li*. Nevertheless, the amplitudes reached at a fixed ion concentration, representing
the fraction folded, confirmed the order of the folding capacity to be K* > NHs* > Na* > Li*
(Figure S3A), as suggested by the literature [31,32]. Due to the surface immobilization by a
complementary sequence, the total DNA oligo studied here differs from the label-free TBA
sequence used in solution assays. The TBA sequence was originally identified as consensus
sequence from several longer DNA oligos interacting with thrombin [9]. This indicates that TBA
is able to form the thrombin binding site even in the presence of additional ssDNA. The good
agreement of folding rates determined by our method and by the label-free conductance study
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indicates that the immobilization of aptamers via extended DNA does not alter folding rates
significantly. This is not surprising, since the additional DNA is rendered dsDNA by hybridization
to the surface and is therefore removed from the folding reaction. Consequently, we consider
TBA in our setup to be quasi label free.

2.3.2 Resolution of high affinity TBA-protein interaction

As in the folding experiment, the kinetic rates of thrombin binding showed a strong
dependence on the applied flow rate (Figure S1). This indicates that artefacts such as mass-
transport limitation during the association and rebinding during the dissociation are easily
distorting measured TBA—thrombin kinetic rates. To minimize these technical limitations, all
folding and binding experiments were performed at a high flow rate of 2000 puL/min and a low
surface density. One electrode can be functionalized with approximately 200 TBA
molecules/um?, which results in roughly 2 x 10® molecules per electrode. Profiting from the
high-performance microfluidic system, we were able to resolve thrombin binding to TBA at
unprecedented rates. Impressive is the on-rate of 3.8 x 108 M~'s™! in the background of KCl,
considering how close this is to the theoretical diffusion-limited on-rate in the range of ~10°
ML In line with literature, K*-based buffers are the most efficient in promoting thrombin
binding [15,33,34]. The corresponding dissociation constant Kp = 154 pM compares well with
the lowest values reported in the literature of 200 pM [13]. Replacement of K* by other cations,
while keeping the ionic strength constant, reduced the on-rate down to 2.6 x 10° M™!s7,
resulting in a Kp = 245 nM (LiCl buffer). Situated in between is the low nM Kp in NaCl-based
buffer, which compares well with Kp = 7.1 nM determined in similar conditions by SPR [35].
Interestingly, the off-rate was rather independent of the cation present and remained at ~ 5 x
1072 in all tested buffers. The developed aptasensor is a high-sensitivity assay with a detection
limit of < 30 pM in TE140-KCI (Figure 3B). Even lower concentrations of thrombin have been
reported in the literature, e.g., 10 pM were measured by cationic polythiophene derivatives,
which produce a fluorometric read-out [36]. These detection limits fit with a Kp in the pM
range, since a nM Kp would not result in any significant surface saturation at low pM
concentrations. Importantly, the low pM detection limit does not prevent the application of
high nM concentrations of thrombin to the aptasensor.

In conclusion, for the first time, we can report TBA—thrombin rates resulting in a Kp of 150 pM,
explaining the high sensitivity of many existing assays.

2.3.3 Differentiation of pre-folded aptamer from induced fit

Although Li* and Na* ions do not promote TBA to fold into a G-quadruplex, specific thrombin
binding was observed at high concentrations anyways. This finding is in line with the literature
reporting thrombin binding even in the absence of salts [22,37,38]. Although our controls
(Figure S2) caution that binding of thrombin at low salt might be strongly non-specific, well-
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referenced studies can conclude binding due to the induced fit. Here, thrombin-binding
experiments were performed at a fixed cation concentration of 140 mM in the buffer. In the
case of K*, which was shown to have a Kp of 8 mM in Figure 2, this led to the majority of TBA
on the chip being folded. In contrast, NH4*, Na*, and Li* at the same concentration showed
significantly less signal quenching, i.e., G-quadruplex formation (Figure S3A). Due to the lower
thrombin affinity, higher concentrations of thrombin had to be applied in these buffers to
reach comparable surface saturation in the background of NH4* and Na*. In the presence of Li*,
even with 250 nM of thrombin, only about 50% saturation was reached (Figure S3B). The
surface saturation at specific protein concentrations can be calculated as fraction bound (%)
from the measured kinetic rates (Figure S3D—G). Interestingly, despite the thrombin binding
rate was the highest in presence of K*, this condition shows the smallest signal amplitude (6%)
(Figure 2 and S3C). Though saturating a comparable fraction of TBA, both NH4* and more so
Na*, induced larger signal changes (8% and 11%, Figure 2 and Figure S3C). Even in the presence
of Li*, when only half of the TBAs were saturated with thrombin, the quenching effect was
larger than in K* and NH4* (9%). The comparison of the signal amplitudes from folding and
binding suggests that the higher the fraction of aptamers already correctly folded by the ion
alone, the smaller the signal change upon thrombin binding. Therefore, the thrombin binding
assay was not only detecting the protein itself, but the induction of G-quadruplex folding. This
is feasible even without quencher, since the guanine on the 5' end has quenching properties
itself [39]. These results corroborate previous findings that thrombin binding induces G-
quadruplex conformation in those conditions that have not induced the correct fold before
target association [33]. Another hint at folding induction by thrombin binding can be found in
the protein off-rate. Considering that the off-rate of thrombin is the same in all buffers, it is
likely that the induced fit creates a similar binding site in all conditions tested. This corresponds
to crystal structures of the TBA—thrombin complexes in the presence of K* and Na*, both of
which have a very similar TBA structure [21]. This is in contrast to TBA without thrombin, which
exhibits alternative conformations in the presence of the abovementioned cations [18].

Taken together, our folding studies provide clear evidence for folding of the G-quadruplex
depending on the type and concentration of the cation present. Combined with the thrombin
interaction studies, we can conclude that thrombin further forces unfolded TBA into the
correct G-quadruplex structure. Therefore, our data confirm the induced fit model of TBA-
thrombin binding.

2.3.4 Contribution of results to therapeutic and diagnostic applications

One important application of aptamers is in diagnostic applications. These require detection
limits low enough to cover all naturally relevant concentrations. Moreover, minimal sample
processing prior to measurements is an advantage. By the example of thrombin, the range of
free thrombin varies between low pM and uM concentrations in the blood and indicate the
level of thrombosis risk [10,11]. Many aptamer-dependent assays have been developed with
pM sensitivity, while others only detect thrombin at a nM concentration with the same probe
and target. The detection limit is directly correlated with the interaction affinity. We show a
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clear dependency of the TBA—thrombin affinity on the type of cation present. Due to the ionic
nature of the interaction it is not surprising that an increase in salt concentration results in a
decrease of the binding affinity [14]. Here, we kept the ionic strength of the buffer constant
and only changed the type of cation present. This simple buffer adaptation decreased the Kp
from 1.3 nM in the presence of NaCl to 154 pM in the presence of KCI. Since many assays have
been developed with NaCl-based buffers, they might be further improved by comparable
alterations to the buffer composition. Another advantage of the switchSENSE® technology, not
shown here with the applied in vitro samples, is the possibility to directly inject up to 80%
serum samples onto the sensor (according to compatibility sheet [40]). This paves the way for
a highly sensitive diagnostic application of the aptasensor. Another highly anticipated
application of aptamers is in therapeutic applications. Research mainly investigates the
replacement of antibodies by aptamers [6]. Concerning the affinity, we showed here that TBA
can easily keep up with high-affinity antibodies such as the human epidermal growth factor
receptor 2 (HER2)-binding cancer drug Trastuzumab (Kp = 660 pM) [41]. However, although
both exhibit similar affinities in the 3-digit pM range, the antibody has a much longer residence
time, indicated by korr = 1.3 x 107 s7. TBA, on the other hand, has an off-rate in the range of
5 x 1072 s7. Residence time is a crucial factor during drug development, and this comparison
highlights the importance of rate determination to understand the dynamics of a potential
drug in vivo. To increase residence times and specificity, antibodies are increasingly designed
in bi- or even trispecific formats. If the antibody is bound by two binding sites, its off-rate
decreases due to the avidity effects. This development has already been picked up for aptamer
design as well [7]. Measuring off-rates of individual binding sites and the joint avidity can be
challenging. First, it is difficult to mimic the mixed-target distribution in vitro, and second, the
avidity can lead to affinities below the resolution limit of many methods. The switchSENSE”
sensor allows to immobilize different targets in a spatial- and ratio-controlled manner, enabled
by a dual-color detection system. In the future, this will be applied to the combination of
several thrombin-binding aptamers. Although the aptasensor can be easily functionalized with
different aptamers, the signal read-out depends on the individual sample. In the TBA example,
ion binding can be resolved due to the induction of folding. Thrombin binding creates a
significant signal due to the induction of folding and/or the presence of a large protein in the
local surrounding of the sensing dye. Nevertheless, the detection of small molecules binding
to a binding site distal to the fluorophore can require some assay optimization. If no
conformational change is induced upon binding, the aptamer can be destabilized by buffer
optimization or increased temperature on the sensor. Competition assays with fluorescent
competitor compounds can create strong signal changes. Albeit requiring some knowledge of
the binding site, additional fluorophores can be included site-specific at positions close to the
binding site or where conformational changes are to be expected. Lastly, it can be
advantageous to reverse the assay orientation and immobilize the target on the surface.
Capturing the aptamer from solution by a small molecule is expected to create a significant
signal.
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2.3.5 Effect of reversing the assay orientation

We have shown data of the aptasensor being functionalized with both the aptamer on the
surface (Figures 2—4) as well as the target thrombin on the surface (Figure 5). Besides creating
different signal intensities by reversing the assay orientation, the setup with the target
immobilized can have further applications. While a surface-immobilized aptamer can be easily
subjected to all kinds of interaction tests, it is sometimes the aptamer itself that should be
altered and screened, e.g., directly after the SELEX process. This can be facilitated by having
the aptamer as analyte in solution. It should be noted that the rates measured with the target
being immobilized could differ from the rates measured with the aptamer being immobilized.
Although we used the exact same buffers and measurement scripts, for the TBA—thrombin
interaction the Kp increased from 150 pM to 6 nM just by changing the assay orientation.
Considering the broad range of pM to nM affinities reported in literature and measured with
different methods [12], the assay setup is likely to have a significant influence on the values
measured. However, we can neither exclude that the chemical process of thrombin
conjugation to DNA alters the protein and affects the binding affinity. The optimal assay setup
should be chosen based on experimental aim and include signal enhancement modifications,
e.g., quenchers, if required.

2.4 Materials and Methods

2.4.1 Materials

Human a-thrombin was purchased from Haematologic Technologies Inc. (Essex Junction, VT,
USA) and suspended in TE140 buffer (10 mM Tris-HCl pH 7.4, 140 mM NacCl, 0.05% Tween20,
50 uM EDTA, 50 uM EGTA) and stored at -80 °C. The HPLC-purified DNA oligonucleotides were
purchased from Ella Biotech GmbH (Martinsried, DE) and used without further purification. All
oligonucleotides were suspended to a final concentration of 100 uM in TE40 (10 mM Tris-HCl
pH 7.4, 40 mM NaCl, 0.05% Tween 20, 50 uM EDTA, 50 uM EGTA) buffer and stored at —20 °C.

The DNA sequences used are listed below; bold bases represent the aptamer sequence and
bases in italics represent the cNL-B sequence (complementary to nanolever NL-B48
immobilized on the chip surface). Underlined bases in TBAsc represent the shuffled portion
that prevents folding into a G-quadruplex. For the folding experiment (Section 2.1), TBA and
TBAsc sequences were modified with a BlackBerry® Quencher (BBQ-650®) on their 5’ end.

1. TBA:5'(BBQ)-GGT TGG TGT GGT TGG TTT ATCAGC GTT CGA TGC TTC CGA CTAATCAGC
CAT ATC AGC TTA CGA CTA-3';

2. TBAsc: 5'(BBQ)-GTG TGG TGT GTG TGG TTT ATC AGC GTT CGA TGC TTC CGA CTA ATC
AGC CAT ATC AGC TTA CGA CTA-3';

3. HTA:5'-TTT GGG TTA GGG TTA GGG TTA GGG TTT ATCAGC GTT CGA TGC TTC CGA CTA
ATC AGC CAT ATC AGC TTA CGA CTA-3".
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2.4.2 Covalent coupling of thrombin to cNL-B

For assays requiring thrombin to be immobilized as ligand on the biochip surface, it was
covalently conjugated to the 5’ end of the cNL-B48 oligonucleotide via amine chemistry in MES
buffer (50 mM 2-(N-Morpholino)ethanesulfonic acid, 150 mM NaCl, pH 6.5) (amine coupling
kit CK-NH2-7-B48, Dynamic Biosensors GmbH, DE). The DNA—protein conjugate was separated
from non-conjugated oligonucleotide and protein by a proFIRE chromatography system
(Dynamic Biosensors GmbH, DE) and aliquots of the pure conjugate were stored in MES buffer
at -80 °C.

2.4.3 switchSENSE® experiments

All experiments were performed on a DRX? instrument (Dynamic Biosensors GmbH, DE) on
standard multipurpose switchSENSE® chips (MPC2-48-2-G1R1-S) using static measurement
mode (Fluorescence Proximity Sensing, FPS). In FPS mode, the DNA strands are repelled from
the surface (constant voltage, Vattractive = Vrepulsive = -0.1 V). The fluorophore attached to the
distal end of the DNA therefore remains at maximum distance from the gold electrode. For
signal detection of biomolecular interactions, the fluorescence intensity of the dye is read out.
It changes its fluorescence emission upon altered static or collisional quenching by complex
formation of ligand and analyte. The fluorescence signal change is proportional to the surface
bound analytes. The immobilized dye was excited in the range of 600-630 nm and emission in
the range of 650-685 nm was recorded. The experimental workflow was set-up using the
proprietary switchBUILD software. The aptamers were diluted to a concentration of 1 uM in
the relevant running buffer, heated at 82 °C for 1 min, and then cooled to 22 °C prior to use.
Surface functionalization was achieved by hybridizing 500 nM of cNL-B oligonucleotide
(extended by or covalently linked to the respective ligand) to the single-stranded pre-
immobilized NL-B48 oligo on the chip surface in auxiliary buffer TE40. Association of analyte of
interest (ions, thrombin, aptamers) and dissociation in running buffer were performed with a
flow rate of 2000 plL/min at 25 °C, except where noted otherwise. Surface regenerations were
only performed at the beginning of a measurement set, no regenerations were carried out in
between different concentrations of one set. The folding measurements were carried out in a
background of Tris50 buffer (50 mM Tris-HCI pH 7.4, 0.005% Tween 20), and the kinetic
measurements in TE140-XCl buffer (10 mM Tris-HCl pH 7.4, 140 mM XCl, 0.05% Tween 20, 50
UM EDTA, 50 uM EGTA, with XCl representing different salt species: KCI, NaCl, NH4Cl, LiCl).

2.4.4 Data analysis

Fluorescence recorded was referenced with the control TBAsc in Figure 2 (raw data are shown
in Figure S4 — S6); all other figures show raw data normalized to the baseline before analyte
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injection. The fluorescence traces were analyzed with the switchANALYSIS software (Dynamic
Biosensors GmbH, DE) by fitting all association and dissociation curves of one dataset
simultaneously (global fit) with a single-exponential fit model. Measurements for Figure 2 and
Figure 3 were performed in triplicates, and values reported represent the mean kon and korr
of three datasets, leading to an average Kp by:

kOFF,avg

KD =
kON,avg

+ standard deviation with error propagation:

1
Skorr\°  (Skon\"\?
SD =K, - <( OFF) +< ON)>
korr kon
Measurements for Figure 5B were performed in triplicates and recorded data were averaged
before applying the global single-exponential fit to derive kon and kore. The folding rate at

highest salt concentration applied was deduced from the time constant t of mono-
exponential fits by:

P
F TOT’,

Surface saturation levels were calculated based on the measured rates in the Kinetics tool of
the switchBUILD software (Dynamic Biosensors GmbH, DE).

Rate plot in Figure 2 and Supplementary Materials Figure S1 were plotted via www.affinity-
avidity.com and the labeling was adjusted to the color code.

2.5 Conclusions

In this work, we presented a rapid, sensitive, and selective aptamer-ion/protein assay based
on an aptasensor. The significance of this work lies in the easy transfer of the assay from TBA-
thrombin interaction to any aptamer-—target pair. The DNA-based switchSENSE® technology
allows quasi modification-free immobilization of low amounts of aptamer on the biosensor via
hybridization. High-information content data of folding, unfolding, association, and
dissociation rates enabled conclusions about ion-induced aptamer folding and a protein-
induced fit mechanism. The type-of-cation-dependent kon rates are direct evidence as to why
detection limits and affinities achieved for TBA—thrombin strongly vary in literature. A broad
dynamic range from low pM to high nM suggests a future diagnostic application of the
developed aptasensor. Furthermore, the resolution of highly dynamic target association and
dissociation rates helps to understand residence times in therapeutic applications. In
conclusion, the described aptasensor can contribute significantly to the areas of aptamer
development and characterization, aptamer-based diagnostics, as well as apta-therapeutics.
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2.6 Supplementary material

Figure S1. Thrombin kinetics in TE140-KCl at different flow rates.
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Figure S1. Thrombin kinetics in TE140-KCl at different flow rates. Interaction of thrombin at specified
concentrations with surface-immobilized TBA carried out at A) 100 ul/min, B) 500 ul/min, C) 2000 ul/min. D) Rate
plot of values obtained by global mono-exponential fits from A)-C). Lower flow rates result in reduced on-rate and
reduced off-rate. Increase of the flow rate reduces measurement artifacts such as mass transport limitation or
rebinding.
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Figure S2. Thrombin association at low ionic strength (50 mM Tris with no salts added).
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Figure S2. Thrombin association at low ionic strength (50 mM Tris with no salts added). A) Thrombin binding to
both TBA and B) TBAsc is observed at > 62.5 nM thrombin. C) Non-specific thrombin binding to dsDNA is observed

at > 125 nM thrombin.

Figure S3. Comparison of quenching amplitudes with surface saturation.
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Figure S3. Comparison of quenching amplitudes with surface saturation. A) Fluorescence quenching (%) induced
by 140 mM cation derived from Figure 2. K* reached signal saturation at 75 mM, therefore the same quenching
was assumed for 140 mM. B) Plot of the calculated fraction of TBA bound by thrombin (%) at the highest protein
concentration tested in the respective buffers. Fractions bound were derived from the plots in D-G). C) Fluorescence
quenching (%) induced by thrombin binding. Values were extracted from Figure 3. Total quenching is lower than
in A) since quenching was achieved by guanine instead of BBQ. D-G) The cation-dependent fractions bound (%) of
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TBA at different thrombin concentrations, plotted by the switchBUILD software based on the kinetic rates
determined in Figure 3.

50



Figure S4. Raw data of TBA (triplicates) and TBAsc folding experiments with: K* (green traces),
NH4* (pink traces), Na* (purple traces), Li* (grey traces).
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Table S1. Kinetic binding rates of TBA folding experiments in K*.

kon (I\/I'ls'l) Korr (S_l) Ko (M)
11.0+0.3 1.59+0.03E-1 143+05E-3
146+04 143+0.02E-1 9.83+0.29E-3
12.2+0.3 1.50+0.02 E-1 123+0.3E-3
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Table S2. Kinetic binding rates of TBA folding experiments in NH4*

kon (M‘ls‘l)

korr (s™)

Ko (M)

13.2+0.6

3.94+0.08 E-1

299+15E-3

593+0.3

3.66+0.08 E-1

61.8+3.5E-3

24014

410+0.11E-1

171+11€E-3
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Table S3. Kinetic binding rates of TBA folding experiments in Na*

kon (M‘ls‘l) kopF(S_l) KD(M)

24,4 £2.25 8.15+0.24 E-1 33.5+3.2E-3
5.44+0.43 6.33+0.19E-1 116 £+ 10 E-3
4.33+0.37 493+0.16 E-1 114+ 10E-3
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Table S4. Kinetic binding rates of TBA folding experiments in Li*

kon (M‘ls‘l)

korr (s™)

Ko (M)

31.9+2.59

4.07+0.11E-1

128+ 11E-3

27.9+2.19

438+0.11E-1

156+13E-3

94.2+7.36

486+0.14 E-1

516 +0.43E-3
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TBAsc folding
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Table S5. Kinetic binding rates of TBAsc folding experiments.

Salt

kon (M™1s72) korr (s™)

Ko (M)

K+

10.15+0.81 4.04+0.12E-1

39.8+3.4E-3

NH4*

17.89+1.64 4.64+0.19E-1

259+ 2.6E-3

Na*

33.52+4.8 9.53+0.52E-1

284+43E-3

Li*

3.74+0.17E-1

11.68 +0.94

32.0+3.0E-3
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Figure S5. Triplicates of thrombin kinetics experiments in K* (green traces), Na* (purple

traces), NHa4* (pink traces), and Li* (grey traces).
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Table S6. Kinetic binding rates of TBA-thrombin binding experiments in TE140-KCl.

kon (M‘ls‘l) Korr (S_l) Kp (M)
3.72+0.20 E+8 599+0.19E-2 161+ 10E-12
3.97+0.20 E+8 5.82+0.18 E-2 147 £+ 9 E-12
3.66 +0.18 E+8 566+0.17E-2 155+9E-12
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Table S7. Kinetic binding rates of TBA-thrombin binding experiments in TE140-NaCl

kon (M‘ls‘l) Korr (S_l) Kp (M)
295+0.11 E+7 4.25+0.04 E-2 1.44+£0.05 E-9
3.24 £ 0.09 E+7 4.21+0.04 E-2 1.30+0.01 E-9
3.55+0.10 E+7 4.39+0.04 E-2 1.24+0.03 E-9
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Table S8. Kinetic binding rates of TBA-thrombin binding experiments in TE140-NH4Cl

120

kon (l\/l'ls'l) Korr (S_l) Ko (M)
1.60 £ 0.06 E+8 4.88+£0.09 E-2 306 £12 E-12
1.74 +0.07 E+8 494 +0.10 E-2 284 £ 13 E-12
1.84 +0.08 E+8 479 +£0.09 E-2 260 +£12 E-12
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Table S9. Kinetic binding rates of TBA-thrombin binding experiments in TE140-LiCl

kon (l\/l'ls'l) kKorr (S_l) Ko (M)
2.28 £ 0.34 E+5 5.64+£0.30E-2 248 + 39 E-9
1.74+0.36 E+5 6.66+0.37E-2 381 +83E-S
3.64 £0.74 E+5 6.49+0.41E-2 179+ 38 E-9
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Figure S6. Triplicates of reversed assay orientation kinetics experiment in K*.
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Table S10. Kinetic binding rates of thrombin-TBA binding experiments in TE140-KCl

kon (M‘ls‘l) kopF(S_l) KD(M)
2.61+1.00 E+7 3.71£0.55E-1 142 +5.8E-9
3.91+0.86 E+7 2.51+0.34E-1 6.42 + 1.65 E-9
7.18 £ 1.54 E+7 2.30+0.23E-1 3.2+0.8E-9
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3. Analysis of PROTAC Ternary Complex Formation by Induced
Proximity with a DNA Y-structure

Abstract

Thermodynamically stable and kinetically long-lived degrader-mediated ternary complexes can
drive faster and more complete degradation [1,2] however additional methods for screening
ternary complex formation are required. We developed a novel heliX® biosensor assay in which
E3 ligases and target proteins are immobilized onto a DNA Y-structure with built-in fluorescent
dyes. The Y-structure closes upon small molecule binding, and the subsequent ternary complex
formation brings together the green donor and the red acceptor dye into a closer, FRET-
sensitive, distance. Binding affinity of binary and ternary complexes, along with avidity were
measured using a single FRET assay, allowing us to perform a high-throughput screen with a
library of PROTACs against VHL, CRBN and BET proteins. Our findings establish novel biosensor
assays to quantify the kinetic parameters required for effective target ubiquitination and
degradation in a high-throughput manner using only nano- or picomolar amounts of protein
and PROTAC.

3.1 Introduction

Initially described in 2001 [3], PROTACs (PROteolysis TArgeting Chimeras) has emerged as a
powerful therapeutic strategy to selectively degrade proteins via the ubiquitin-proteasome
system (UPS). PROTACs are heterobifunctional small molecules consisting of two protein-
binding moieties joined by a linker: one moiety has binding affinity for a target protein of
interest (POI), while the other recruits an E3 ubiquitin ligase. The simultaneous engagement of
both the E3 ligase and the POl form a ternary complex which is the key species necessary for
ubiquitination and subsequent degradation of the POIl. PROTACs are promising new
therapeutic agents, for their advantages in engaging intracellular targets, and potential for oral
bioavailability due to their lower molecular weight compared to other therapeutic tools, e.g.,
monoclonal antibodies.

The first generation of PROTACs was designed by employing bulky peptide-based E3 ligands,
limiting their clinical application [4]. Significant advancements were made in the last decade,
leading to the development of PROTACs with improved physical-chemical properties: a great
interest in the field was raised after the development of small molecules PROTACs that could
recruit the E3 ligases von Hippel-Lindau (VHL) [5] and cereblon (CRBN) [6]. In particular, CRBN
was identified as the molecular target of the immunomodulatory imide (IMiDs) drugs,
thalidomide and derivatives, that are indicated for multiple myeloma [7]. For this reason,
PROTACs able to recruit CRBN have a great pharmaceutical interest. One of the most studied
PROTAC targets is Brd4, belonging to the BET family of proteins. Brd4 contains two
bromodomains, BD1 and BD2, known to be involved in the transcriptional regulation of gene
expression [8].
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While biophysical methods are used extensively in hit finding (fragment-based screening), hit
validation, and in-depth characterization of “classical” small molecule drugs, there is an unmet
need for advanced analytical methods to identify and characterize novel, more complex drug
candidates such as bifunctional molecules, which are engineered to induce or suppress
protein-protein interactions. In particular, the characterization and optimization of PROTACs
requires novel biophysical assays that probe the ternary nature.

Studies in vitro and in vivo demonstrated that an efficient ternary complex formation is a key
step in the PROTAC mechanism of action [1,2,9,10], affecting the success of target protein
degradation [5]. Different and complementary in vitro orthogonal assay are therefore needed
for a deeper understanding of the mechanism of action of PROTAC-induced degradation.
Several technologies provide suitable strategies for the characterization of the binary and
ternary complex formation [11,12]: SPR, BLI and ITC are biophysical technologies that have
found applications in PROTAC binding studies [1,13—17]. Both BLI and SPR can detect binding
events on biosensor surfaces in real time through a spectroscopic method, while ITC allows to
determine the thermodynamic parameters of the interaction in solution. However, both SPR
and BLI require the immobilization of a ligand, and only one ligand species can be immobilized
on the biosensor surface, necessitating a pre-incubation of PROTAC with one of the two
proteins to form the ternary complex. ITC does not require ligand immobilization, but it
demands high sample consumption.

The heliX® biosensor, based on switchSENSE® technology, can offer a powerful alternative to
the aforementioned technologies. The DNA Y-structure involves simultaneous immobilization
of two ligands, with the sole analyte species being the PROTAC. Both monovalent and bivalent
PROTAC binding can be detected, providing information about binary target engagement and
ternary complex formation. This allows for extrapolation of kinetic parameters such as affinity
and avidity.

All switchSENSE® experiments are performed on a standard adapter biochip (Figure 1A), in
which single-stranded DNA (anchor strands) are covalently attached to the chip surface. The
proteins are attached via flexible linkers to the DNA and, therefore, can rotate and bend
quickly, thereby exposing a large portion of their surfaces to the dye and reducing the effect
of the immobilization on the measurement. Each chip is equipped with 2 gold electrodes
(hereby referred to as “spots”) harboring different DNA anchor strands, placed in proximity in
a single flow channel. It can therefore be considered that the binding reactions on spots 1 and
2 occur simultaneously.

We introduce here the DNA Y-structure, a supramolecular construct formed by four single
stranded DNA oligonucleotides. Two complementary DNA strands form a duplex stem with
protruding single stranded arms, carrying a red and a green dye at their distal ends. Two
complementary DNA strands, named ligand strands, can hybridize to the two arms, building
together the dsDNA Y-structure (Figure 1B and S1). The target proteins can be functionalized
on the end of the two FRET pair color-coded Y-arms of the structure, in an induced proximity
system. The Y-structure closes upon small molecule binding, and the subsequent ternary
complex formation brings together the green donor and the red acceptor dye into a closer,
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FRET-sensitive, distance. The DNA Y-structure approach gives us the ability to simultaneously
detect PROTAC binary target engagement and PROTAC-induced ternary complex formation.

Herein, we showcase the capabilities of the switchSENSE® technology for a rapid high-
throughput PROTAC screening and kinetic characterization with low sample consumption,
overcoming the limitations of other surface-based technologies. The advantageous features of
heliX® biosensor were used to screen a PROTAC library against VHL, CRBN and BET proteins.
For the first time, we were able to measure the association and dissociation rates of PROTACs
with CRBN on a surface.

3.2 Results

3.2.1 Y-structure - zippers

To investigate the suitability of the novel supramolecular DNA Y-structure for studying protein-
protein interactions (PPi), we first characterized the range of action of the Y-structure itself by
elongating the two FRET pair color-coded Y-arms with DNA sequences at different lengths
(from 4 bp to 15 bp). The Y-structure closes upon DNA-DNA binding, forming a zipper system
(SI, Figure S1) bringing together the green donor and the red acceptor dye into a closer, FRET-
sensitive, distance. In this setup we can record and monitor the stability of the red FRET signal
generated by the induced proximity of the 2 dyes. From the study we observed that the 5bp-
and 6bp-zipper cannot close the Y-structure, the DNA-DNA interaction is too weak. From 7bp-
to 11bp-zipper, the structure is partly open and partially closed, which defines the dynamic
range of the DNA Y-structure for studying protein-protein interactions, because we aimed for
a system that is flexible enough to measure both the ternary complex formation and inhibition.
The 12bp- and 15bp-zippers do not allow the opening of the structure anymore, and the two
arms remain fully closed all the time. Finally, we can correlate the percentage of FRET signal
generated with the equilibrium dissociation signal (Kp) of the respective DNA-DNA zipper
binding pair (Figure 1C), providing useful information about the dynamic range of the DNA Y-
structure for studying kinetics of PPi. In detail, this specific DNA Y-structure can resolve PPis
with expected Kp from 1 nM to 10 uM. However, we recently developed a new Y-structure
design that forces the two (homo- or hetero-) target proteins functionalized on the end of the
two FRET pair color-coded Y-arms to a greater distance. This new structure can perfectly
resolve PPis with expected Kp between 50 pM to 100 nM (SI, Figure S1).

3.2.2 VHL system as proof of concept

Afterward, to investigate the utility of the heliX® biosensor in monitoring PROTAC ternary
complex kinetics, we adopted a well-characterized model system composed of the E3 ligase
VHL, the POI BET bromodomain protein Brd48°? and the PROTACs MZ1 and AT1 [1,18] as a
starting case study. As previously explained, the presented Y-structure holds the proteins in an
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induced proximity setup which allows to study interactions with affinity between 1nM to 10uM
(Figure S1). AT1, with its reported Kp of 20 nM [1] is the perfect example to demonstrate the
ability of our system to quantify the binary binding toward the BET protein and the ligase, as
well as the ternary complex formation (1:2 interaction), without any preincubation step or
particular experimental conditions needed (e.g. buffer, temperature). While we used a
different Y-structure design, which allows to study interactions with tight binding affinity with
a Kp < 1nM (Figure S1), to resolve the binary vs ternary binding of MZ1; those results are
reported in the SI, Figure S2A.

3.2.3 Binary target engagement

To study the affinity of AT1 toward either VHL or Brd482, only one arm of the Y-structure was
functionalized with a protein (either VHL-EloB-EloC on the arm with the red fluorescent dye,
or Brd48P2 on the arm with the green fluorescent dye), while the other arm was left as duplex
ligand-free strand (Figure 1D-F). For the binary affinity study the FRET system was not needed,
but we used the classic fluorescent proximity sensing mode (or static mode), where we monitor
the direct quenching of the fluorophore which is in proximity of the protein of interest (either
VHL in red or Brd4® in green) upon binding of the analyte (AT1). As shown in Figure 1D, the
binding of increasing concentrations of AT1 (from 4 to 500 nM) to Brd48%? leads to a decrease
in the green fluorescence signal, which can be nicely described by a 1:1 binding model
providing one on-rate (kon = 13.1 + 2.5 E+6 M1s!) and one off-rate (korr = 181 + 35.4 E-3 s71),
yielding a Kp equal to 12.4 + 1.3 nM, which is perfectly in line with what has been previously
reported in SPR (Kp =9 nM)[1]. Nevertheless, a 6 times faster on-rate has been recorded in our
setup, as well as a 10 times off-rate, which can be correlated to the difference in the
experimental setup (e.g. temperature: RT in our case vs 12°C, different chip density and flow
rate)[1], plus a difference in the proteins used. On the other side (Figure 1F), the binding of the
same increasing concentrations of AT1 to VHL leads to a decrease in the red fluorescence
signal, which can be globally fitted providing the on-rate (kon= 0.69 + 0.12 E+6 Ms), and off-
rate (korr= 87.5 + 26.7 E-3 s1), yielding a Kp equal to 123 + 20 nM, which is again perfectly in
line with what has been previously reported in SPR (Kp = 110 nM)[1]. The main difference
observed between the affinity of AT1 to VHL and Brd48°? lies in the association rate; AT1 indeed
associates 20 times faster to the BET protein than to the E3 ligase.

3.2.4 Ternary complex formation

To measure AT1l-mediated ternary complex formation, both arms of the Y-structure were
functionalized. The arm bearing the green fluorescent dye was functionalized with Brd48P?,
while the VHL-EloB-EloC was immobilized onto the arm carrying the red fluorescent dye (Figure
1E). The Y-structure closes upon AT1 binding, and the subsequent ternary complex formation
brings together the green donor and the red acceptor dye into a closer, FRET-sensitive,
distance. The change in red FRET fluorescence signal intensity directly correlates with ternary
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complex formation kinetics (Figure 1E), while the green signal is correlated with both the direct
quenching of the dye upon analyte binding and affected by the formation of the ternary
complex. This is the reason why we can conclude that the red FRET signal describes exclusively
the ternary complex formation with high sensitivity, while the green signal contains
information about both the binary and the ternary binding.

Figure 1E shows the simultaneous binding of increasing concentrations of AT1 (from 160 pM
to 20 nM) to both VHL and Brd4®8°2. The red FRET signal can be globally fitted providing a kon
equal to 15.9 + 1.88 E+6 M'st and korr equal to 8.97 + 1.39 E-3 s, yielding a Kp equal to 0.58
+0.16 nM. This value differs from the values reported in literature [1]; however, if we compare
closely the values, we observe that the off-rates are very similar, but the on-rates obtained
using the Y-structure are 10 time faster than the one reported by using SPR in the same work,
which leads to the difference in the final Kp. This difference can be explained by the fact that:
i) we use an induced proximity setup, where the two proteins are in close proximity, but still
free to move in the semi-solution environment and to react independently to the single
PROTAC, which allows us to follow the avidity component of the interaction, but can also lead
to rebinding (see introduction); ii) in our setup the PROTAC is injected alone, without any prior
incubation with either of the target proteins, as is normally the case in SPR, which means that
its steric hindrance is much smaller than the whole protein-PROTAC complex and the
association rate can be affected; iii) the flow rate used in our experiment is 500 uL/min, which
is on average 5 to 10 times faster than in SPR, therefore we avoid any possible effect of mass
transport limitation during the association phase. In addition, it is very interesting to observe
that the on-rate of the ternary complex formation is identical to the on-rate of AT1 binding to
Brd48%? (Figure 1G), which suggests that Brd48°? is the stronger binding partner and triggers
the binding of AT1 to the E3 ligase. The off rate is governed by the avidity effect, which slows
down the overall dissociation phase, because the presence of the two proteins holds the
PROTAC bound for longer time. As side note, higher concentrations of AT1 were omitted in the
analysis of the ternary complex formation (Figure 1E), because we observed a decrease of the
red FRET signal (SI, Figure S2B) caused by the saturation of the Y-structure, which leads to the
opening of the arms. This happens because at high PROTAC concentration, we most probably
have two molecules of PROTAC per Y-structure and therefore no FRET is recorded; this
situation is also known in the field as hook effect.
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Figure 1. The DNA Y-structure for studying binary binding and ternary complex formation of bifunctional small
molecules, such as PROTACs. Case study: VHL - AT1 - Brd48P2. A) The heliX® adapter biochip (left, scale bar = 1 cm)
is designed with a single flow channel where two gold electrodes (right, scale bar = 100 um) are spotted in
proximity. Each spot harbours a unique DNA anchor strand, allowing to functionalize each spot specifically and
independently. B) The Y-structure cartoon which exemplifies the setup used in this study to characterize PROTAC
interactions. Four single-stranded DNA oligos are designed to build a Y-shaped structure consisting of a duplex
stem with two arms, carrying the ligase and the target protein plus a red and a green dye at the distal ends.
Simultaneous binding of the PROTAC to the E3 ligase and target protein causes the formation of a ternary complex
and thereby induces red fluorescence due to FRET. C) Study of the dynamic range of the Y-structure, demonstrating
a correlation between the proportion (%) of the Y-structure in a closed conformation and the dissociation constant
(Kp) of the respective DNA-DNA zipper binding pair. This specific Y-structure can resolve PPi with Kp between 1 nM
and 10 uM. D) Binary binding of AT1 to Brd48°? resulting in a direct quenching of green fluorescence. AT1 was
injected at increasing concentrations from 4 nM to 500 nM. E) Ternary binding of AT1 to VHL and Brd48°?, which
results in a quenching of the green signal and a simultaneous increase of the red FRET fluorescence. AT1 was
injected at increasing concentrations from 160 pM to 20 nM. F) Binary binding of AT1 to VHL results in a direct
quenching of red fluorescence. AT1 was injected at increasing concentrations from 4 nM to 500 nM. G) Rate scale
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plot depicting association and dissociation rates (kon and kore), as well as the resulting dissociation constant (Kp)
of the binary and ternary AT1 interactions with Brd48°? and VHL, above on section D, E and F.

Table 1. Binding affinities of AT1 to Brd48°? and VHL and interaction rates of the ternary complex.

PROTAC Interaction  Target kon (M1s?) koer () Ko (nM) half-life
ti (s)
AT1 ‘ Binary Brd48b2 13.1+2.5E+6 181+ 354 E-3 124+1.3 3.8
‘ Binary VHL 0.69+0.12E+6 87.5+26.7E-3 123+£20 7.9
Ternary VHL | Brd482? 159+ 188E+6 8.97+1.39E-3 0.58 £ 0.16 77.3

kon = association rate; korr = dissociation rate; Kp = dissociation constant, calculated as kors/kon. Values shown represent the mean + SD of at
least three independent experiments.

3.2.5 PROTAC Screening with CRBN in complex to Brd48P?

After demonstrating that the Y-structure is a very suitable and unique tool to study ternary
complex formation upon PROTAC binding to VHL and Brd48P2, we herein showcase its ability
to perform a screening of different PROTACs and moieties binding to Brd42°? in complex with
CRBN, known to be slightly unstable in solution but extremely important in the clinical field.

For the screening we used the full capacity of heliX® biosensor in combination with our adapter
biochip, where in spot 1 we functionalized the ternary system, with CRBN on the red arm
(instead of VHL) and Brd48P2 in green, while in spot 2 we functionalized the binary system with
only Brd4®? on the green arm, and the red arm was kept as a ligand-free strand (no CRBN).
This configuration allows to simultaneously study both the kinetics of the ternary complex
formation to CRBN - Brd4®®? as well as the binary affinity to Brd4®®? within the same
experiment. Twenty different small molecules (including full PROTACs, PROTAC moieties and
negative controls) were selected, and listed in Table 2. To test the reproducibility of the
screening, each small molecule was tested 4 times within the same assay plate. A total of 96
kinetic readouts (blanks included) were obtained (Figure 2). However, considering that we
record simultaneously 4 traces, such that spot 1 RED: ternary, spot 1 GREEN: ternary + binary,
spot 2 RED: unspecific binding, spot 2 GREEN: only binary to Brd4®°?, we overall record 384
traces in less than 22 hours. For the screening we selected a single and fixed concentration of
20 nM for each PROTAC or moiety, and we included a blank run at the beginning and at the
end of each row of a 96 well plate. The biosensor chip was regenerated and freshly
functionalized at the end of each row, for a total of 8 regenerations and a total protein
consumption of 15 pmol of CRBN and 30 pmol of Brd48P2, which is extremely low compared to
some routine biophysical technologies (e.g., ITC or SPR).

PROTACs that induce the formation of a ternary complex between CRBN and Brd48°? can be
easily identified by the presence of the red FRET signal in conjunction with the quenching of
the green signal: for example ARV-825 (Figure 2, well A2). Some PROTACs, such as MZ1, MZ2
and MZ4, instead interact only with Brd48°2, which can be identified by observing the
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fluorescence change only in green (Figure 2, well 7C). Meanwhile the negative controls do not
show any signal in either green or red (Figure 2, well B11).The presence of a second spot where
the Y-structure is carrying only the Brd48°? on the green arm provides a real-time reference
and a validation of the binary interaction of each PROTAC with the target protein (S, Figure
S3).

The screening of the selected PROTAC library yielded six positive hits: ARV-825, dBET1 and
dBET6, dBET6(2), ARV-825(2), and dBET260. Remarkably, the red signal changes are highly
reproducible from the first to the last row, suggesting good stability of the functionalized Y-
structure over long time (> 24h). Additionally, we observe binary binding to Brd48°2 for nine
small molecules, such as: MZ1, MZ2, MZ4, AT1 and cisMZ1, which are known PROTACs for the
VHL system, owing to their (+)-JQ1 moiety binding to the BET protein. Indeed, JQ1 alone shows
a clear signal in green, emphasizing the high sensitivity of our technology to analyze protein-
small molecule binding. In addition, clear binary signal to Brd48P? is also observed for OTX015,
ARV-771, and ZXH-3-26. While do not observe any binding of pomalidomide (Pom) or VH032:
these results are expected since they are moieties binding 1:1 to CRBN and VHL, respectively,
and in the screening, we are monitoring only the signals coming from the binding to Brd4802,
However, we successfully studied separately the kinetics of pomalidomide binding to CRBN
using the classic fluorescence proximity sensing mode in red (S, Figure S5C) obtaining a Kp
around 500 nM. Using spot 2 we can confirm all the binary binding hits and we can resolve the
binary binding to Brd48P? of the ternary positive hits. All the single kinetic traces are shown in
the SI, Figure S4A-0.

In Figure 21, the ternary versus binary hit map is presented, where the recorded ternary signal,
expressed as a percentage increase in red fluorescence on spot 1, is plotted as a function of its
binary signal, expressed as a percentage decrease in green fluorescence on spot 2. This graph
identifies immediately the ternary positive hits (ARV-825 and dBET family) compared to the
POI-only binary binders and the negative controls used in the screening. The fluorescent signals
of the 96 samples are plotted independently and the high reproducibility of the data during
the entire screening can be appreciated.

In addition, a statistical analysis of the entire screening has been performed. Figure 2J shows
the p-values of the red ternary signals calculated as a function of the p-values of green binary
signals. For the analysis, a two-sample t-test has been carried out, where the mean values and
standard deviations of the data coming from the blank traces (n = 16) have been compared
with the mean values and standard deviations of traces recorded for a single PROTAC (n = 4),
both in red and in green, evaluated individually. The t-test provides indeed p-values for each
sample and each color, which were plotted in the graph (Figure 2J), indicating a high statistical
significance and high confidence of the screening outcome. The hit confidence can be used to
discriminate the samples which have a strong ternary complex formation compared to the
ones that have only binary affinity for the POI.

Despite the screening being performed at a single PROTAC concentration of 20 nM, all the
fluorescent traces can be fitted (see S, Figure S4A-0) providing quantitative information about
the kinetic data for each PROTAC and moiety. Table 2 summarizes all the preliminary kinetic
values expressed as a mean value obtained from the four kinetic traces, either measured in
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red (for ternary binders) or green (for binary binders). The corresponding kinetic rate map (for
both ternary and binary) is displayed in Figure 2K, where the mean values of the on-rates (kon)
are plotted as a function of the off-rates (kore), illustrating the preliminary dissociation constant
as ratio of the two. The PROTACs that form ternary complexes show the highest avidity effect,
with much slower off-rates than the binary system, with a Kp very comparable among each
other in the low nM range. This demonstrates once again the importance of measuring the
relative rates and not only the simple Kp. Among the ternary binders, dBET260 appears to have
the slowest off-rate, but also the slowest on-rate, while the two samples of ARV-825 coming
from different providers are perfectly superimposable as well as the two dBET6 and dBET1.
From the hit screening we can also get important preliminary information about the individual
binding rates, affinities and avidities of the tested PROTACs. Table 2 shows the kinetic
parameters of the PROTACs binding to CRBN and/or Brd4®? obtained from the single screen
shown in Figure 2.
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Figure 2. PROTAC screening. A-H) Fluorescence signals resulting from the PROTAC interaction with CRBN (red
signal) and Brd48°? (green signal): ARV-825, ARV-825(;, dBET1, dBET6, dBET6), and dBET260 lead to the
formation of the ternary complex between CRBN, PROTAC and Brd4®P?, which can be easily recognized by the
presence of the red FRET signal in conjunction with the quenching of the green signa. |) Ternary vs Binary Hit Map
by Fluorescence: recorded ternary signal, expressed as percentage increase in red fluorescence on spot 1, are
plotted in function of its binary signal, expressed as percentage decrease in green fluorescence on spot 2. All the
96 samples are displayed. J) Ternary vs Binary Hit Map by p-value: confidence of the red ternary signals calculated
in function of the green binary signals. A two-sample t-test have been carried out, where all the data coming from
the blank traces (n=16) have been compared with the traces recorded for a single PROTAC (n=4), both in red and
in green and evaluated individually. The t-test (Welch’s correction included) provides the p-value for each sample
and each color. K) Kinetic rate map: mean values of the on-rates (kon) are plotted in function of the off-rates (kore),
illustrating the preliminary dissociation constant (Ko) as ratio of the two (n=4). PROTACs which lead to ternary
complex formation are depicted as fully colored symbols, while binary binders are depicted as half empty and
negative controls are fully empty.
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Table 2. Kinetic parameters of PROTACs binding to CRBN and/or Brd48°2 obtained from the single screen shown in

Figure 2. Each value is an average * SD of 4 diagrams obtained at 20 nM PROTAC concentration.

PROTAC Target kon (Ms?) koer () Ko (nM) half-life ti/> (s)
ARV-825 Ternary CRBN| Brd482 530+ 1.1E+6 18.6 + 0.6 E-3 3.6+1.0 37.3
dBET1 Ternary CRBN| Brd48? 890+ 0.7 E+6 26.0+0.6 E-3 3.0+£0.3 26.7
dBET6 Ternary CRBN| Brd48%%2 990+05E+6  32.6+1.3E-3 33+0.2 21.3
dBET6(2) Ternary CRBN| Brd48b? 9.50+0.7 E+6 28.2+1.6E-3 3.0+0.1 24.6
ARV-825 | Ternary CRBN| Brd482  570+0.4 E+6 200+ 1.0E-3 3.5+0.3 34.7
dBET260 Ternary CRBN| Brd48b? 2.10+0.1E+6 9.8+0.2 E-3 46+0.1 70.7
0TX015 Binary Brd480? 30.5+2.6 E+6 234+ 71E-3 762 2.97
MZ1 Binary Brd480? 32.9+3.7E+6 159+ 12 E-3 49+0.4 4.36
MZz2 Binary Brd48P? 204+ 2.6 E+6 194 + 17 E-3 9.7+15 3.57
Mz4 Binary Brd480? 17.1+£ 2.7 E+6 207 £ 44 E-3 13+£5.2 3.35
cisMZz1 Binary Brd480? 35.9+3.7E+6 200+ 16 E-3 56+£09 3.46
AT1 Binary Brd480? 22.8+ 3.2 E+6 193+ 14 E-3 8715 3.59
ZXH-3-26 Binary Brd48P? 13.6£ 1.9 E+6 37.6+2.0E-3 28+04 18.4
ARV771 Binary Brd480? 191+ 19E+6 141 £5.0E-3 75+0.7 4.92
JQ1 Binary Brd48P? 64.0+ 22 E+6 308 +4.8 E-3 52+1.3 2.25
VH032 N.D. Brd480? - - - -
oo N.D. Brd4? - - - -
Binary*  CRBNged* 0.50+0.02 E+6 252 +9.5E-3 499 £ 0.01 2.8

kon = association rate; korr = dissociation rate; Kp = dissociation constant, calculated as kore/kon.

3.2.6 Kinetic characterization of the positive hits

After the identification of the positive hits from the high throughput screening, namely ARV-
825, dBET1, dBET6 and dBET260, we further characterized three of them by performing full
concentration-dependent kinetics. Binary affinities to CRBN and Brd48°? as well as ternary
complex formation of ARV-825, dBET1, dBET6 have been investigated by using the same
experimental conditions described previously for VHL and the same setup used during the
screening.

As shown in Figure 3A, the binding of increasing concentrations of ARV-825 (from 4 nM to 100
nM) to Brd4®? |eads to a decrease in the green fluorescence signal, which can be nicely
described by a 1:1 global mono-exponential fit providing on-rate (kon = 7.10 + 2.2 E+6 Ms1)
and off-rate (korr = 83.0 + 21 E-3 s71), yielding a Kp equal to 12.7 + 3.7 nM, in good agreement
with a Kp of 28 nM reported by Lu et al. [6] by using BROMOscanTM. The same quenching
effect has been observed upon dBET1 and dBET6 binding to Brd48P? (see SI, Figure S5A-B) and
for both the resulting Kp is around 5-10 nM, which is expected since they possess the same (+)-
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JQ1 moiety as AT1 and the binary binding toward Brd48°? should be similar. However, dBET1
has a faster off-rate compared to dBET6. In Figure 3C, we characterize for the first time the
binding affinity of ARV-825 (from 4 nM to 100 nM) to CRBN, which leads to a decrease in the
red fluorescent signal, that can be globally fitted providing the on-rate (kon= 0.59 + 0.17 E+6
M1s1), and off-rate (korr= 79.0 + 19 E-3 s71), yielding a Kp equal to 138 + 36 nM. Compared to
ARV-825, dBET6 has a very similar affinity towards CRBN, while for dBET1 the recorded on-rate
is slightly faster, yielding a Kp of 40 nM.

In Figure 3B, we report for the first time the kinetic parameters of ternary complex formation
between CRBN, ARV-825 and Brd48°2. In detail, upon binding of increasing concentrations
(from 800 pM to 20 nM) of the three tested PROTACs (ARV-825, dBET1 and dBET6), we observe
a quenching of the green fluorescent signal and a consequent increase in the red FRET signal,
which can be globally fitted providing the kinetic rates of the ternary binding. Interestingly, like
for the VHL-AT1-Brd4892 system, the on-rate of the ternary complex is triggered by the BET
protein (the two kon are extremely similar, 7.20 E+6 vs 7.10 E+6 M's1), which is the stronger
binding partner compared to the E3 ligase (Figure 3D). The dissociation rate is affected by the
avidity effect, which causes a 5-times slower off rate compared to the binary binding (korr=
17.8 + 2.7 E-3 s1). Therefore, we can conclude that the simultaneous binding of the PROTAC
to CRBN and Brd48P? leads to an increase in the PROTAC affinity.

Surprisingly, the obtained ternary complex Kp of the three PROTACs are very similar: 2.7 nM
for ARV-825 and dBET6, and 2.9 nM for dBET1. Nevertheless, if we compare the on- and off-
rates (Table 3), we observe clear differences: ARV-825 has a slower on-rate compared to dBET1
and dBET6, however its off-rate is almost doubly slower, contributing to a longer half-life (40 s
versus 22 s), which can be correlated to a more efficient target degradation process in cells
[19]. Kaji et al. observed the same, that ARV-825 keeps the ternary complex formation in cells
longer than dBET1 and, in addition, they also suggest a strong correlation between the level of
time-dependent formation of ternary complex and the level of targeted protein degradation,
supporting the idea that a stable ternary complex leads to efficient targeted protein
degradation [19]. This underlines in general the importance of measuring kinetic rates (on- and
off-) and not only the dissociation constant, which can be approximatively interpreted.

Table 3. Kinetic rates and dissociation constants of PROTACs binding to CRBN and Brd45°2,

PROTAC Target kon (M1s?) koer (s) Ko (nM) half-life ti/> (s)
ARV-825 | Binary Brd480? 7.10+£ 2.2 E+6 83.0+21E-3 12.7+3.7 8.3
Binary CRBN 0.59+0.17 E+6 79.0+ 19E-3 138 + 36 8.8
Ternary CRBN| Brd482 720+ 2.0E+6 17.8+2.7E-3 27711 38.9
dBET1 Binary Brd480? 38.6+6.7 E+6 229+ 57E-3 595+04 3.0
Binary CRBN 2.22+0.56 E+6 89.6+ 8.3 E-3 40 £10.9 7.7
Ternary CRBN| Brd4802 11.4+3.8E+6 31.6+9.1E-3 2.91+0.65 219
dBET6 Binary Brd48P2 7.25+3.04 E+6 91.2 +33E-3 126+£4.9 7.6
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‘ Binary CRBN 0.47+0.35E+6 48.7+9.7E-3 104 + 126 14.2

Ternary CRBN| Brd4®® 11.3+0.39E+6 31.3+1.2E-3 2.77+1.42 22.1

kon = association rate; korr = dissociation rate; Ko = dissociation constant, calculated as kore/kon. Values shown represent the mean + SD of at
least three independent experiments.
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Figure 3. Kinetic characterization of binary vs ternary binding of ARV-825 to CRBN and Brd45°?. A) Binary binding
of ARV-825 to Brd48P? resulting in a direct quenching of the green fluorescence. ARV-825 was injected at increasing
concentrations from 4 nM to 100 nM (dilution 5x). B) Ternary binding of ARV-825 to CRBN and Brd48°?, which
results in a quenching of the green signal and a simultaneous increase of the red FRET fluorescence. ARV-825 was
injected at increasing concentrations from 800 pM to 20 nM (dilution 5x). C) Binary binding of ARV-825 to CRBN
resulting in a direct quenching of the red fluorescence. ARV-825 was injected at increasing concentrations from 4
nM to 100 nM (dilution 5x). D) Rate scale plot depicting association and dissociation rates (kon and korr), as well
as the resulting dissociation constant (Kp) of the binary and ternary binding of ARV-825 to Brd48°? and CRBN.

3.2.7 Screening of different BET proteins

After proving the ability of our technology to successfully study the ternary complex formation
upon binding of several PROTACs to two different E3 ligases (VHL and CRBN) using Brd4852 as
a representative BET bromodomain, we sought to study the ternary complex formation with
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other BET bromodomains (Table 3 and Figure 4). The aim was to showcase the high versatility
of the Y-structure as well as to study the potential specificity of CRBN PROTACs on binding and
degrading particular BET proteins, like it has been studied for VHL [1]. For this evaluation, we
used the identical setup that has been previously presented for VHL. In spot 1, we subsequently
immobilized the ternary system with the individual bromodomains (BD1 or BD2) of each BET
protein (Brd2, Brd3, Brd4 and BrdT) in green and CRBN in red. Meanwhile in spot 2, the Y-
structure was functionalized with only the individual bromodomains (BD1 or BD2) of each BET
protein in green and the red arm was kept as ligand-free strand, allowing to study
simultaneously ternary and binary binding of ARV-825.

ARV-825 was repeatedly injected over the surface at increasing concentrations from 800 pM
to 100 nM and, as previously described, the red FRET fluorescence signal is detected only when
ARV-825 can form the ternary complex with CRBN and the BET protein.
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Figure 4. Sensograms of ternary complex formation upon ARV-825 binding to CRBN and individual bromodomains
(BDs) of different BET proteins (Brd2, Brd3, Brd4 and BrdT). Each POl was immobilized on the green arm of the Y-
structure to be screened with ARV-825 in the presence of CRBN on the red arm. Red signals coming from the
ternary interaction with BrdX-BD1 (left column) and with BrdX-BD2 (right column) are shown. ARV-825 was
injected at increasing concentrations from 800 pM to 100 nM (dilution 5x).

From Figure 4, we observe that ARV-825 can efficiently form the ternary complex with most of
the BRD bromodomains, only BrdT®? does not show any ternary binding at all. If we look
closely to the green signals (both ternary and binary) of each diagram (SI, Figure S6A), we
observe higher fluorescent signals for ARV-825 binding to Brd28? and Brd48"? respect to the
Brd28P! and Brd4®P?, respectively, while no difference is observed for Brd3 and almost no
binding is detected for BrdT (both units). All the binding rate constants of the binary binding
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are reported in Table S4 of the SI. However, when we discuss the ternary complex formation,
we need to focus on the red signal (Figure 4). The difference in fluorescence quenching
depends exclusively on the FRET efficiency between the two pairs, which in turn depends on
their spatial distance of the two dyes upon ternary complex formation, which is ruled by the
target proteins’ structural dimension and their conformation after binding: systems bigger
than 16 nm long, will not show any FRET signal. However, the fitting of the FRET signal and the
calculated association and dissociation rates give information about the real kinetics of the
ternary complex formation, and as shown in Table 4, the on-/off-rates and equilibrium
dissociation constant are relatively close, while the half-life (t1/2) of BD2 is in general slightly
longer than the relative BD1 of the same BET protein. Another interesting point is that for all
the BD2s we reach the saturation of the red FRET signal at 100 nM of ARV-825, while for BD1
this behavior differs among the BET proteins. This effect leads to a constant difference on the
on-rates between BD1 (slightly faster kon) and BD2 (slightly slower kon) for each BET protein
tested (see Table 4). For Brd48°2 we almost observe the so-called hook effect, where the red
FRET signal is decreasing upon increasing concentrations of PROTAC. In conclusion, CRBN is not
highly selective in the degradation of the BET proteins, as previously observed also in MV4; 11
leukemia cells [20], and as opposed to what has been observed for VHL [1]. However, also in
this case, consistent with the known degradation-driving complexes, BD2s are slightly more-
stable and longer-lived complexes.

Table 4. Screening of BET proteins. Ternary binding of ARV-825 to VHL and BD1 or BD2 subunit of Brd2, Brd3,
Brd4 and BrdT have been tested. Only the red FRET signals are herein reported.

PROTAC Targets ternary kow (M1st) koer(s) Ko (nM) half-life ti/> (s)

ARV-825 | CRBN Brd2°8P! 811+250E+6 3.32+0.02E-2 452+1.41 20.9
CRBN Brd28P? 445+ 101E+6 259+0.21E-2 5.82 +0.89 26.7
CRBN Brd38P! 6.80+1.62E+6 2.78+0.18 E-2 4.08 +0.75 24.9
CRBN Brd38P? 558+0.92E+6 2.49+043E-2 4.46 +1.55 27.8
CRBN Brd48P! 809+0.12E+6 2.83+0.19E-2 3.50+£0.29 24.5
CRBN Brd45P? 599+0.26 E+6 2.52+0.29E-2 4.20+0.67 27.5
CRBN BrdT®P! 491+1.03E+6 2.87+0.31E-2 5.84 +1.38 24.1
CRBN BrdT®P? N/D N/D N/D

kon = association rate; korr = dissociation rate; Kp = dissociation constant, calculated as koee/kon. Values shown represent the mean + SD of at
least three independent experiments.

3.3 Conclusion

In conclusion, we showed here a novel assay with which we can characterize ternary complex
formation of bifunctional small molecules, like PROTACs and molecular glues with the helix®
biosensor. The E3 ligase (e.g. VHL, CRBN) and target POl are immobilized on the end of the two
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FRET pair color-coded arms of the Y-structure, allowing to study ternary complex formation in
an induced proximity system. When the Y-structure closes upon PROTAC binding to both
proteins, the subsequent ternary complex formation brings together the green donor and the
red acceptor dye into a closer, FRET-sensitive, distance. Herein, we demonstrated how we can
characterize kinetic rates and compound ranking in a high-throughput manner, gaining kinetic
information on binary interaction and ternary complex formation of PROTACs binding
simultaneously E3 ligases (VHL and CRBN) and BET proteins. At the best of our knowledge, this
is the first time that the kinetics of ternary complex formation between CRBN and a POl were
resolved on a biosensor surface.

3.4 Materials and Methods

3.4.1 Materials

PROTACs MZ1, ARV825 and PROTACs used in the screening (dBET6, ARV825, ZXH-3-26,
dBET260, ARV771) were provided by S. Geschwindner and G. Dahl (AstraZeneca); PROTACs
MZ1, MZ2, MZ4 were provided by C. Crowe and A. Ciulli (University of Dundee). Other PROTACs
were commercially available: dBET1 (Tocris), cisMZ1, AT1, dBET6 and moieties (+)-JQ1, VH032,
OTX015 and pomalidomide (MedChemExpress). E3 ligases VHL and CRBN, and target protein
Brd48? were provided by AstraZeneca. Target proteins Brd28°!, Brd28P2, Brd3BP?, Brd38P?,
Brd48P! Brd48P?, BrdTBP! and BrdT®? used for BET bromodomain screening were provided by
C. Crowe (University of Dundee). Y-structure DNA strands were designed by DBS (HK-YS-1, HK-
YS-2, Dynamic Biosensors). PROTAC molecules and moieties were dissolved in DMSO at 10 mM
final concentration and stored at -20°C or at -80°C, according to the provider instructions.

3.4.2 Protein expression and purification

All BET bromodomains (Brd28P1, Brd2BP?, Brd3®8P1, Brd3BP?, Brd4BP! Brd48°2, BrdT®P! and
BrdT®P2) were expressed in E. coli BL21 and purified according to established protocols. In
short, single colonies of cDNA transformed into E. coli BL21(DE3) cells were grown overnight
in lysogeny broth (LB) supplemented with antibiotics (50 pg mL™ kanamycin) at 37°C with
shaking. The overnight culture was diluted 1:100 in LB supplemented with antibiotics and
grown to an optical density (OD600) of ~0.6. Protein expression was induced overnight at 18°C
with 0.3 mM isopropyl B-d-1-thiogalactopyranoside (IPTG). The cells were harvested by
centrifugation and frozen at -80°C as pellets until further purification. The bacterial pellets
were resuspended in buffer and lysed by cell disruption. Cellular debris was removed by
centrifugation. 6His-tagged proteins were purified on a HisTrapTM FF Ni NTA affinity column
(Cytiva) and eluted with an imidazole concentration gradient. The protein was dialyzed into a
low concentration imidazole buffer, incubated with TEV protease, and flowed through a
HisTrap FF Ni NTA affinity column. The proteins were finally purified by size exclusion
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chromatography on a HiLoadTM 16/600 SuperdexTM 75 pg column (Cytiva) in 20 mM HEPES,
pH 7.5, 150 mM sodium chloride and 0.5 mM TCEP, concentrated, flash frozen with liquid
nitrogen and stored at -80°C.

For expression of VHL in complex with Elongin B and Elongin C (VCB), N-terminally His6-TEV-
tagged VHL (54-213), ElonginC (17-112) and ElonginB (1-104) were all co-expressed in E. coli
BL21 star (DE3) using auto-induction. Cells were first grown 8 h at 37°C and then another 24 h
at 18°C before being harvested at 6000 rpm for 10 min and stored at -80°C. Pellet was
resuspended in Lysis buffer (50mM HEPES pH 7.9, 300mM NaCl, 5mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), 20mM Imidazole, 10% Glycerol, 1x Complete EDTA-free
protease inhibitors (Roche) and benzonase nuclease (5U/ml, Sigma). Lysate was clarified using
centrifugation at 15000 rpm for 2 h. The clarified supernatant was incubated with 30 mL of
Talon Supeflow resin (Clontech) overnight whilst rotating. The resin was then collected in an
econocolumn (BioRad) and washed with 300 mL of Equilibration Buffer (50 mM HEPES pH 7.9,
300 mM NaCl, 20 mM imidazole,1 mM TCEP) and then eluted with 8 x 20 mL of Elution Buffer
(50 mM HEPES pH 7.9, 300 mM NaCl, 300 mM imidazole, 1 mM TCEP). Eluted protein was
pooled and, 2 mM TEV protease was added, and the sample was dialyzed overnight in Dialysis
buffer (50 mM HEPES pH 7.4, 100 mM NaCl,1 mM TCEP). The dialyzed sample treated with TEV
protease was passed through 4 ml of Talon resin and the flow through was collected. The resin
was washed with 5 mL dialysis buffer. Eluted TEV-cleaved protein was loaded onto a 120 mL
S75 column that had been equilibrated in Dialysis Buffer and peak fractions were collected,
pooled, and concentrated 10k MWCO membrane before being snap frozen in liquid nitrogen
and stored at -80°C.

Sequence for single-chain (sc) CRBN-DDB1 is (Cereblon(40-442)-GGGSGGGSGGSGGG-DDB1-
([(1-395_GNGNSG_706-1140)A396-705])). The BPB domain of DDB1 (396-705) is replaced by
the GNGNSG-linker, resulting in a construct similar to the one used in Nowak et al. [21]. This
gene was cloned into a pFastBacl and bacmid DNA was produced in E. coli DH10 Bac cells.
Recombinant baculoviruses were generated in Sf21 cells (Thermofisher) and protein
expression was conducted at 27°C for 48 h. Cells were harvested by centrifugation using 6500
rom, 15 min at 4°C. The pellet was resuspended in lysis buffer (40 mM HEPES pH 8.0, 500 mM
NaCl, 1 mM TCEP, 5% glycerol, 20 mM imidazole EDTA-free protease inhibitors (Roche) and
benzonase nuclease (5U/mL, Sigma)), frozen in -80°C overnight and then thawed before being
centrifuged at 24000 rpm for 1 h at 10°C. Lysate was incubated overnight with 15 mL
equilibrated Ni-NTA beads (QIAGEN) at 4°C. Beads were washed twice with 50 mL Wash buffer
(40 mM HEPES pH 8.0, 500 mM NaCl, 1 mM TCEP, 5% glycerol, 20 mM imidazole) before elution
using 6 x 7.5ml Elution buffer (40 mM HEPES pH8.0, 500 mM NaCl, 1 mM TCEP, 5% glycerol,
500 mM imidazole). TEV protease was added to the eluted protein and the sample was dialyzed
overnight into Dialysis buffer (40 mM HEPES pH7.5, 500 mM NaCl, 1 mM TCEP, 5% glycerol, 20
mM imidazole). Dialyzed sample was passed through 12 mL washed Ni-NTA beads which were
then washed twice with 14 mL Dialysis buffer and eluted using 2 x 7mL Elution buffer. Flow-
through and the first wash fraction were collected. Buffer was exchanged to a Low salt buffer
(40 mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, 1 mM TCEP) using HiPrep 26/10 Desalting
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column before being loaded on a MonoQ HP ion exchange column preequilibrated with Buffer
A (40 mM HEPES pH7.4, 150mM NaCl, 5% glycerol, 1 mM TCEP). Wash and elution were
conducting by stepwise gradient from Buffer A to Buffer B ((40 mM HEPES pH7.4, 1 M NaCl,
5% glycerol, 1 mM TCEP). The eluate from the ion exchange step was loaded on a HilLoad
26/600 Superdex 200 column preequilibrated with SEC buffer (40 mM HEPES pH7.4, 200 mM
NaCl, 0.5 mM TCEP), collecting 1.2mL fractions. Sample was concentrated using 100k MWCO
centricon, spinning at 4000 rpm, 4°C, mixing the sample regularly, before being snap frozen in
liquid nitrogen and stored at -80°C.

3.4.3 Conjugation of proteins to DNA

VHL and CRBN ligases were covalently coupled via their primary amines to the 5’ end of ssDNA
(cNL-A48) (coupling kit HK-NHS-1, Dynamic Biosensors), and Brd proteins to the 3’ end of
ssDNA (cNL-B48) (coupling kit HK-NHS-4, Dynamic Biosensors). The protein-DNA conjugate was
purified from the free protein and free DNA using the proFIRE® system (Dynamic Biosensors)
[22,23]. The embedded Data Viewer software provides protein-DNA conjugate purity and
concentration based on the chromatogram. After liquid nitrogen freezing, the conjugates were
stored at a concentration of 10 uM in HE40 buffer (10 mM HEPES, 40 mM NaCl, 0.05 %
Tween20, 50 uM EDTA, 50 uM EGTA) at -80°C and were freshly thawed before each
experiment.

3.4.4 Chip surface functionalization

All switchSENSE® experiments were performed on a dual-color heliX* instrument using a
standard heliX Adapter Biochip (ADP-48-2-0, Dynamic Biosensors), in which single-stranded
DNA (anchor strands) are covalently attached to the chip surface. Each chip is equipped with 2
gold electrodes (or spots), with different DNA anchor strands. Herein, we used spot 1 as a
measurement spot, with the Y-structure harboring the E3 ligase (VHL or CRBN) and the Brd
target protein, and spot 2 as real time referencing spot, with the Y-structure carrying only Brd
target protein, in order to gain at the same time information about binary and ternary complex
formation (See Figure 1B). For spot 1, the Y-structure-red and -green DNA strands were
premixed with the conjugated Brd protein and E3 ligase, whereas for spot 2 they were
premixed with conjugated Brd protein and the complementary DNA strand of the red arm. The
Y-structure constructs were then let at 25°C for 3 h on a shaker at 600 rpom. Secondly, the Y-
structure constructs were immobilized on the biochip via hybridization of complementary
anchor strand. The chip was regenerated and freshly functionalized only before the first
concentration of a measurement series. For chip regeneration, a high-pH regeneration solution
(HK-REG-1, Dynamic Biosensors) was used to denature the double stranded DNA nanolevers,
disrupting the hydrogen bonds between base pairs: the Y-structure constructs are washed
away while the covalently attached single-stranded nanolevers remain on the surface and can
be reused for a new functionalization step.
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3.4.5 Fluorescence Proximity Sensing (FPS) mode - FRET Kinetics

Interaction analysis was performed in fluorescence proximity sensing (FPS) mode with a
constant voltage of -0.2 V applied, which forces the surface-tethered DNA Y-structure into a
fixed angle. In the FPS measurements, the series of PROTACs were injected at specified
concentrations over the two electrodes of the biochip. When the PROTACs reach the Y-
structure on spot 1 (carrying the target protein Brd and CRBN or VHL E3 ligase), a decrease in
green fluorescence signal can be measured, and a simultaneous increase in the red
fluorescence signal due to FRET from the donor green dye to the acceptor red dye in proximity
is indication of ternary complex formation. When the PROTACs reach the Y-structure on spot
2 (carrying only the target protein Brd), a quenching of the green signal can be observed. The
fluorescence signal changes occur on the timescale of seconds, and the time dependence of
the fluorescence signal directly reflects the PROTAC-protein kinetics. Upon the injection of
running buffer, PROTACs dissociate and a restoration of the original fluorescence signals can
be observed. The sample tray containing the Y-structure constructs and PROTACs samples was
set to 15°C during measurements, while the experiment temperature on the biochip was set
to 25°C. PROTACs analytes were diluted and measured in HE140 buffer (10 mM HEPES pH 7.4,
140 mM NacCl, 0.05 % Tween20, 50 uM EDTA, 50 uM EGTA). No buffer correction for DMSO is
required. Flow rate for association and dissociation reactions was set to 500 pL/min. The green
LED power was set to 4. Experiment design, workflow and data analysis were performed with
the heliOS software (Dynamic Biosensors). The association and dissociation rates (kon and kore),
dissociation constants (Kp) and the respective error values were derived from a global single
exponential fit model, upon blank referencing correction.
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3.5 Supplementary Information

Figure S1. Different Y-structure designs and Zipper experiment.
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Figure S1. The DNA Y-structure and its dynamic range characterization. A) DNA Y-structure design. The (homo- or
hetero-) target proteins can be functionalized on the end of the two FRET pair color-coded Y-arms of the structure,
where a green and a red dye are located, which allow FRET and classic fluorescence proximity sensing
measurement modes. In addition the presence of a long spacer (32nm) allows a quasi-native solution environment
and the flexible hinge region allows an unrestricted movement of the arms. B) Fluorescence Resonance Energy
Transfer (FRET) efficiency curve. From a simple simulation study we can assess that the heliX® biosensor has a FRET
sensitivity equal up to 15 nm dye-distance. C) The DNA zipper study. DNA zippers of increasing length were used
to characterize the Y-structure: short and weak DNA zippers (4-6 bp) cannot close completely the Y-structure
leading to a no or low FRET, medium length zippers (7-10 bp) lead to a partial closure of the Y-structure (dynamic
range), whereas longer and strong zippers (12-15 bp) can close completely the Y-structure, leading to high FRET.
D) Kinetic characterization of the DNA zipper. For each DNA zipper we characterized the simple 1:1 binding affinity;
herein, an example of 8bp-8bp kinetic. E) Linear response “dynamic range” of the Y-structure. FRET efficiency has
been plotted against the zipper binding affinities (Kps of DNA zippers), in order to characterize the dynamic range
of the standard Y-structure (blue line), which shows a dynamic and active range between 1nM and 10uM. This
structure has been used for characterizing AT1 ternary complex formation (with an expected Kp of 20 nM) and the
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whole CRBN study-BET protein study. A new alternative Y-structure design (grey line) has been also developed for
studying system with an expected Ko in the pM and low nM range, such as MZ1, to limit the rebinding effect of the
ternary complex formation (Figure S2A).
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Figure S2A-B. MZ1 binary and ternary interactions. AT1 ternary interaction — hook effect.
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Figure S2A. MZ1 binary and ternary interactions. The E3 ligase VHL was immobilized on the red arm of the Y-
structure, and the target protein of interest Brd48°? was immobilized on the green arm. To characterize the PROTAC
affinity toward the single proteins involved in the ternary complex, a single protein was immobilized on the arms
of the Y-structure, allowing therefore to detect the binary interaction (left and right figures). For the binary
interaction, the PROTAC concentration range injected was from 4 nM to 100 nM. To study the ternary interaction,
both proteins were immobilized at the same time on the two arms. Upon MZ1 injection, the simultaneous binding
to VHL and Brd4%? leads to an induced proximity of the two Y-structure arms carrying the red and green dyes,
generating FRET (middle figure). Increasing concentrations of MZ1 (from 8 pM to 200 pM) were injected on the
surface with the Y-structure carrying VHL and Brd48P2 on the two arms. The resulting kon, korr and Ko of binary and
ternary interactions are listed in Table below.

Table S5. MZ1 binary and ternary interaction rates

kon (M'IS'I) Korr (S'l) Kp (M)
Binary Brd4®> 11.4+0.7 E+6 112 +16.3 E-3 9.78 0.9 E-S
Binary VHL 3.61+0.75E+6 66.1+17.1E-3 183 +09E-9
Ternary (VHL) 242 + 4 E+6 (kOFFl) 1.48 + 0.9 E-3; (KDl) 61.2+1.6 E-12
(kOFFZ) 0.27+0.1E-3 (KDZ) 11.3+1.1E-12

Values shown represent the mean + SD of at least three independent experiments.
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Figure S2B. AT1 ternary interaction — Hook effect. High concentrations of AT1 binding simultaneously to VHL and
Brd48°? lead to a lower fluorescence change in red signal, because of an oversaturation of the Y-structure, where
the binary binding of AT1 with each partner is favored in spite of the ternary interaction. Therefore, we observe

the opening of the arms of the Y-structure, that results in a decrease of red FRET signal.
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Figure S3. PROTACs HTS | E2.
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Figure §3. PROTAC screening (spot 2). In spot 2, where the Y-structure carrying only Brd48P? is immobilized, no red
FRET signals resulting from ternary interactions are observable. The presence of a second spot on the same chip
provides a real time referencing and also a validation for each PROTAC-Brd48°? binary interactions observed in
Spot 1. Binary binding to Brd48P2 in Spot 2 is observable for the following PROTACs: ARV-825, OTX015, dBET1,
dBET6, MZ1, MZ2, MZ4, cisMZ1, AT1, dBET6(2), ARV-825(2), ZXH-3-26, dBET260, ARV771, and JQ1.
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Figure S4(A-0). PROTACs HTS: single Kinetics.
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Figure S4A. PROTACs high-throughput screening: ARV-825 20 nM kinetics.

Table S2A. Kinetic binding rates of ARV-825 resulting from the screening.

==20nM

kON (Mflsil) kOFF(Sil) Kp (M)

6.81+0.51 E+6 19.6+0.6 E-3 2.88+0.23 E-9
490+ 0.35E+6 18.8+0.6 E-3 3.85+0.30E-9
5.78+0.41 E+6 18.1+0.6 E-3 3.13+0.24 E-9
3.81+0.28 E+6 179+0.6 E-3 4.71+0.38 E-9




14
F124

2,10
2

°
g

@6 -

Fluorescenc:

T
100

g

T T T
150 200 250 3i
Time (s)

0 50 100

T T T
150 200 250 3

Time (s)

£

96

o

T T T T
50 100 150 200 250 300
Time (s)

50 100 150 200 250 300
Time (s)

Figure S4B. PROTACs high-throughput screening: dBET1 20 nM kinetics.

Table S2B. Kinetic binding rates of dBET1 resulting from the screening.

==20nM

kon (I\/I'ls'l) kOFF(S_l) Kp (M)

830+ 1.12 E+6 265+ 1.2 E-3 3.20+0.45E-9
8.85+0.88 E+6 248+ 1.0E-3 2.80+0.30E-9
10.0+1.14 E+6 26.1+1.2E-3 2.61+0.32E-9
8.33+0.91E+6 265+ 1.1E-3 3.18+0.37E-S
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Figure S4C. PROTACs high-throughput screening: dBET6 20 nM kinetics.

Table S2C. Kinetic binding rates of dBET6 resulting from the screening.

==20nM

kON (Mflsil) kOFF(Sil) Kp (M)

10.4+2.0E+6 347+ 2.3 E-3 3.34+0.69 E-9
10.3+1.3 E+6 31.5+1.6 E-3 3.08+0.42 E-9
9.59+1.79 E+6 33.1+2.0E-3 3.45+0.68 E-9
9.30+1.30 E+6 31.0+ 1.6 E-3 3.34+0.50 E-9
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Figure 54D. PROTACs high-throughput screening: dBET6(2) 20 nM kinetics.

Table S2D. Kinetic binding rates of dBET6(2) resulting from the screening.

=20nM

kON (Mflsil) kOFF(Sil) Kp (M)

10.7+ 1.0 E+6 31.3+1.0E-3 2.92 £0.29 E-9
9.22 +0.70 E+6 26.7+ 0.8 E-3 2.89+0.24 E-9
9.01+0.79 E+6 27.8+1.0E-3 3.09+0.29 E-9
9.12 +0.75 E+6 26.9+ 0.9 E-3 2.95+0.26 E-9
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Figure S4E. PROTACs high-throughput screening: ARV825(2) 20nM kinetics.

Table S2E. Kinetic binding rates of ARV825(2) resulting from the screening.

==20nM

kON (Mflsil) kOFF (Sil) Kp (M)

591+0.57 E+6 21.9+09E-3 3.70+0.39 E-9
5.40+0.47 E+6 19.2+0.7 E-3 3.56 +0.34 E-9
6.17+0.62 E+6 19.0+0.8 E-3 3.07+0.34 E-9
5.28 +0.49 E+6 19.3+0.8 E-3 3.65+0.37E-9
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Figure S4F. PROTACs high-throughput screening: dBET260 20 nM kinetics.
Table S2F. Kinetic binding rates of dBET260 resulting from the screening.
kon (I\/I'ls'l) Korr (5_1) Kp (M)
2.22+£0.28 E+6 10.1+0.8E-3 4,55 +0.66 E-9
2.13+£0.17 E+6 9.42 £ 0.54 E-3 442 +0.43E-9
2.09+£0.22 E+6 10.0+0.7 E-3 4.80+0.60 E-9
2.08+£0.18 E+6 9.66 £ 0.56 E-3 4.64+0.47E-9
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Figure S4G. PROTACs high-throughput screening: OTX015 20 nM kinetics.

Table S2G. Kinetic binding rates of OTX015 resulting from the screening.

kon (Mflsil) kOFF(Sil) Kp (M)

284+ 4.8 E+6 205+ 16 E-3 7.22+1.34E-9
28.0+ 3.8 E+6 199+ 12 E-3 7.12+1.05E-9
345+ 18.2 E+6 369 + 54 E-3 10.7+59E9
31.1+ 7.3 E+6 162 £+ 9 E-3 519+ 1.26 E-9
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Figure S4H. PROTACs high-throughput screening: MZ1 20 nM kinetics.
Table S2H. Kinetic binding rates of MZ1 resulting from the screening.
kon (I\/I'ls'l) Korr (5_1) Kp (M)
34.2+3.0E+6 162 +7E-3 475+ 0.46 E-9
355+ 2.1 E+6 175+5€E-3 494 +0.32E-9
346+ 14E+6 152 + 3 E-3 438+ 0.20E-9
274+ 13 E+6 148 + 4 E-3 5.38+0.29E-9

97




J

N

=)

= 20nM

0 50 100 150 T"iﬂeﬂ(s} 250 300 o 50 100 150 Ti:\l]:(s) 250 300
= =
12 12
1 T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
Figure S41. PROTACs high-throughput screening: MZ2 20 nM kinetics.
Table S2I. Kinetic binding rates of MZ2 resulting from the screening.
kon (I\/I'ls'l) Korr (5_1) Kp (M)
247+ 3.0 E+6 202 +9E-3 8.17+1.06 E-S
20.1+£19E+6 167 +5E-3 8.30+0.81E-9
18.7+2.1E+6 218+ 8 E-3 11.6+1.4E-9
18.1+1.3E+6 189 +5E-3 10.5+0.8 E-9
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Figure S4J. PROTACs high-throughput screening: MZ4 20 nM kinetics.
Table S2J. Kinetic binding rates of MZ4 resulting from the screening.
kon (I\/I'ls'l) Korr (5_1) Kp (M)
13.4+£25E+6 287+ 19E-3 21.5+4.2E-S
17.8+1.5E+6 160+ 4 E-3 9.04 £0.82 E-9
16.3+2.1E+6 209+ 8 E-3 12.8+1.7E-9
21.0+£2.1E+6 172 +5€E-3 8.19+0.86 E-9
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Figure S4K. PROTACs high-throughput screening: cisMZ1 20 nM kinetics.
Table S2K. Kinetic binding rates of cisMZ1 resulting from the screening.
kon (I\/I'ls'l) Korr (5_1) Kp (M)
37.1+10.4 E+6 220+ 12 E-3 592+1.70E-9
415+ 4.7 E+6 174 + 4 E-3 420+ 0.48 E-9
32.2+29E+6 210+ 7 E-3 6.53+0.64 E-9
32.8+3.4E+6 191+5€E-3 5.84+£0.63 E-9
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Figure S4L. PROTACs high-throughput screening: AT1 20 nM kinetics.
Table S2L. Kinetic binding rates of AT1 resulting from the screening.
kon (Mflsil) Korr (Sil) Kb (M)
21.1+7.5E+6 218+ 32 E-3 10.3+4.0E-9
26.8+4.9 E+6 192 + 14 E-3 7.15+141E-S
18.4+5.6 E+6 182 + 26 E-3 9.88+3.31E-9
247+ 4.2 E+6 180+ 13 E-3 730+ 1.36E-S
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Figure S4M. PROTACs high-throughput screening: ZXH-3-26 20 nM kinetics.

Table S2M. Kinetic binding rates of ZXH-3-26 resulting from the screening.

==20nM

kon (I\/I'ls'l) Korr (5_1) Kp (M)

154 +0.3 E+6 41.2+0.3E-3 2.68 £ 0.06 E-9
10.4+0.2 E+6 356+0.2 E-3 3.42 +0.07 E-S
145+ 0.3 E+6 37.6 0.3 E-3 2.60£0.05 E-9
14.1+0.3 E+6 36.1+0.3E-3 2.56 £ 0.06 E-9
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Figure S4N. PROTACs high-throughput screening: ARV771 20 nM kinetics.

Table S2N. Kinetic binding rates of ARV771 resulting from the screening.

20nM

kon (I\/I'ls'l) kOFF(S_l) Kp (M)

179+ 2.4 E+6 147 £ 6 E-3 8.18+1.16 E-9
16.9+ 1.4 E+6 132 £+3E-3 7.82 £0.66 E-9
219+ 2.4E+6 141+ 4 E-3 6.41+0.74 E-9
195+ 1.4 E+6 144 + 4 E-3 7.38+0.57 E-9
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Figure S40. PROTACs high-throughput screening: JQ1 20 nM kinetics.
Table S20. Kinetic binding rates of JQ1 resulting from the screening.
kon (I\/I'ls'l) Korr (5_1) Kp (M)
60.2 £ 35.1 E+6 367 £55E-3 6.10£2.41E-9
96.7 £ 92.2 E+6 306 £ 28 E-3 3.16 £3.03 E-9
35.1+8.90 E+6 223+ 22E-3 6.36+1.74E-9
64.0£46.6 E+6 337 +£39E-3 5.26+£3.87 E-9
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Figure SS(A-C). CRBN-Brd48P? binary and ternary PROTACs interactions.
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Figure S5A. dBET1 interaction profiles with CRBN and Brd4®°2. Binary dBET1-Brd4%°? (left), ternary CRBN-dBET1-
Brd45P? (center), binary dBET1-CRBN (right). Kinetic values are listed in Table 3.
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Figure S5B. dBET6 interaction profiles with CRBN and Brd48P2. Binary dBET6-Brd45°? (left), ternary CRBN-dBET6-
Brd48P? (center), binary dBET6-CRBN (right). Kinetic values are listed in Table 3.
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Figure S5C. CRBN-Brd48°2 binary and ternary PROTACs interaction: Pomalidomide-CRBN binary interaction (ko =
0.50 + 0.02 E+6 M s, korr = 252 + 9.5 E-3 57, Ko = 499 + 0.01 nM).
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Figure S6(A-B). Brd Screening — E1 Brd ternary in green and E2 Brd binary.
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Figure S6A. Brd Screening (Spot 2) - ARV825 binary kinetics. Green signals resulting from the binary complex
formation upon ARV-825 binding to the individual bromodomains (BDs) of different BET proteins (Brd2, Brd3,
Brd4, and BrdT). Fluorescence signals coming from the interaction with BrdX-BD1 (left column) and with BrdX-
BD?2 (right column) are shown. Each POl was immobilized on the green arm of the Y-structure to be screened
with ARV-825 in the absence of CRBN on the red arm. The measured affinity and kinetic values are reported in
Table S4 below.
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Table S4. Brd screening — binary ARV825 kinetic values.

kon (M'IS'I) Korr (5_1) Ko (nM)

Brd2 BD1 16.5+6.2 E+6 40.1+3.5E-2 243+94

BD2 594 +0.21E+6 9.53+0.1E-2 16.0+£0.6
Brd3 BD1 8.77 £ 0.94 E+6 1.44+£0.5E-2 16.4+19

BD2 10.4+0.9 E+6 12.0+ 0.3 E-2 115+10
Brdd BD1 13.3+£3.6 E+6 227 +1.8E-2 17.0+£4.7

BD2 11.0£ 0.4 E+6 11.4+£0.1E-2 104+£0.4

BD1 590+ 3.05 E+6 5.22 +99E-2 88.5+48.7
BrdT

BD2 N/D N/D N/D
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Figure S7(A-C). proFIRE chromatograms.
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Figure S7A. proFIRE chromatogram: Brd48°?. Purification chromatogram of Brd4®%? conjugated to a 48mer
oligonucleotide. Conjugate peak 1 (blue line) shows a single population of a 48mer labelled protein with a 1:1 ratio.
The second peak (black line) is the excess of free DNA. Conjugation yielded 17 uM (60 uL) of conjugate-Brd45°2,
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Figure S7B. proFIRE chromatogram: VHL. Purification chromatogram of VHL conjugated to a 48mer
oligonucleotide. Conjugate peak 1 (blue line yield 15 uM - 60 uL) shows a single population of a 48mer labelled
protein with a 1:1 ratio. Conjugate peak 2 (orange line) shows a higher molecular weight, assuming a 2:1 ratio.
The third peak (black line) is the excess of free DNA. Only peak 1 was used for the measurements.
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Figure S7C. proFIRE chromatogram: CRBN. Purification chromatogram of CRBN conjugated to a 48mer
oligonucleotide. Conjugate peak 1 (blue line, yield 2 uM - 60 ul) shows a single population of a 48mer labelled
protein with a 1:1 ratio. Conjugate peak 2 (orange line yield 10 uM - 60 ul) shows a higher molecular weight,
assuming a 2:1 ratio. The third peak (black line) is the excess of free DNA. Both conjugates resulting from the two
peaks were used for the measurements.
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Chapter 4

4. Study of the activity of DNA-modifying enzymes

4.1 General introduction

DNA replication is one of the fundamental processes occurring in every living cell. It is an
extremely complex process, and it is highly regulated by many interplaying groups of proteins.
DNA polymerases are the main enzymes responsible for DNA replication. These enzymes
catalyze the incorporation of mononucleotides into a growing strand (primer) using another
DNA strand (template) as a guide for the synthesis of the correct DNA sequence [1]. Therefore,
DNA polymerases are of great interest in biomedical research [2], since defects in their activity
can lead to cancer initiation and progression [3-5], and also in the biotechnology field [6-8],
for their use in DNA sequencing and in Polymerase Chain Reaction (PCR) technologies.

A simplified scheme of the DNA polymerisation reaction performed by DNA polymerases is
depicted below (Figure 1), and consists of the following steps:

1) DNA polymerase binds to the junction between the primer strand and the template
strand;

2) the polymerase-DNA complex binds a deoxynucleoside triphosphate (dNTP) following
the complementarity on the template strand (base-pairing);

3) the polymerase incorporates the dNTP catalyzing a phosphodiester bond formation on
the 3’ of the primer strand, releasing pyrophosphate (PPi) as waste, before moving to
the next template position.
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® ®

dNTP incorporation
to 3'-DNA binding to DNA

5!

dNTP association

Figure 1. Simplified scheme of DNA polymerization performed by a DNA polymerase. 1) the DNA polymerase binds
to the junction between the primer strand and the template strand. 2) the DNA polymerase binds a dNTP that pairs
to the opposing dNTP on the template strand. 3) the DNA polymerase incorporates the dNTP on the 3’ end,
elongating the primer strand of a base, and then it moves to the next base.

Therefore, due to the complexity of this process, real-time technologies that can
simultaneously provide information on the mechanisms of enzymatic binding (kon, korr, Kp)
and activity (keor, Km), are extremely valuable. Surface-based methods are well suited to study
individual steps of complex pathways, where the interacting molecules can be introduced
and removed from the reaction channel, following in real time their association and
dissociation phases. In this chapter, the switchSENSE® technology was used for characterising
polymerase binding to DNA, as well as its DNA elongation activity and its activity inhibition by
a known inhibitor. The workflow described here is applicable to any DNA or RNA polymerase,
reverse transcriptase, and it has been successfully tested also with the human Werner
syndrome (WRN) helicase. The wild type Tag DNA polymerase (Pol) from Thermus aquaticus,
frequently used in PCR, was chosen as a model system for a proof-of-principle study.
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4.2 Results and Discussion

4.2.1 Biochip setup

The binding affinity and the enzymatic activity of Pol were characterized in the same helix®
chip. The two spots of the chip were functionalized with two distinct sequences (Figure 2):

i. Spot 1 is functionalized with Primer-Template, a hybrid ssDNA-dsDNA ligand. The
Primer strand is composed of a sequence of 48 nucleotides that hybridizes to a
complementary 80-nucleotide Template strand, leaving 32 nucleotides as ssDNA. The
Template strand carries a fluorescent dye on the 5" distal end.

ii.  Spot 2 is functionalized with a control dsDNA, a fully double-stranded ligand analogue
of spot 1. In this case, the Primer strand is 80-nucleotide long and it fully hybridizes with
the 80-nucleotide long Template strand. The Template strand carries a fluorescent dye
on the 5" distal end.

Primerstrand // __________ Temp Iatestrand Primer strand f/--—--ooomemome oo

Spot 1

Figure 2. Biochip setup for the characterization of Tag Polymerase (Pol). The Primer strand in spot 1 is partially
complementary to the Template strand, thus leaving a ssDNA sequence of 32 nucleotides. The Primer strand in
spot 2 is fully complementary to the Template strand, resulting in a fully dsDNA ligand. The different ligands in the
two spots allow to study the affinity of Pol for ssDNA and for dsDNA. In addition, the Primer strand of the ligand in
spot 1 can be elongated by the Pol, and the ligand in spot 2 can be used as a control of Pol elongation activity.

The presence of a fluorescent dye allows to follow in real time the changes in the dye’s local
environment as a result of the Pol binding to the DNA ligand strand, and therefore to measure
the Pol affinity towards the DNA sequences. In addition, with this design, by placing the dye on
the 5" distal end, monitoring the DNA elongation activity of Pol in real time is also possible (see
Appendix, Figure A17). In fact, Pol can elongate the primer strand from 5’ to 3’ direction upon
dNTPs injection, following the sequence of the template strand. Therefore, in spot 1, the single-
stranded primer strand can be elongated by the Pol previously bound, whereas spot 2 can be

117



used as control since the fully double-stranded ligand cannot be further elongated. The DNA
elongation activity of Pol is related to changes in fluorescence intensity, because by elongating
the primer strand, the ligand in spot 1 is converted from a flexible ssDNA to a more rigid fully
duplex DNA. As a result, the dye is carried away from the gold surface of the chip, which
proximity causes a quenching of the dye fluorescence [9]. The binding models used to describe
enzyme kinetics and activity are described in more detail in Appendix (section A2.3).

4.2.2 Taq Polymerase characterization: DNA binding kinetics

The first step to characterize a DNA Polymerase, is studying its binding affinity to DNA strands,
and its specificity towards a specific sequence. To assess the binding affinity of the model
system Tag Polymerase (Pol) to the DNA ligands, a three-step workflow was used (Figure 3),
consisting in:

1) Functionalization of the surface with the Primer-Template DNA for spot 1 and
control dsDNA for spot 2;

2) Association and dissociation kinetics of Pol at increasing concentrations;

3) Regeneration of the chip surface via the injection of high pH solution to remove the

ligand strands and restore the initial chip surface condition.

This workflow has been used for studying the binding kinetics of Tag polymerase wild type to
DNA ligands, but it can be also employed for any other DNA- and RNA polymerase and also
RNA ligands.
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Figure 3. switchSENSE® workflow used to study the binding kinetics of Taq Polymerase (Pol) to DNA ligands. 1)
Functionalization of the biochip surface with two different DNA ligand strands carrying a fluorescent dye: spot 1
with Primer-Template ss/dsDNA, spot 2 with control dsDNA. 2) Kinetics of Pol to the DNA ligands. Pol is injected at
increasing concentrations over the surface, followed by injections of running buffer to let it dissociate from the
ligands. 3) Regeneration of the chip surface with the injection of a high pH solution.

The binding kinetics of Pol to both ligands in spot 1 and spot 2 are recorded real time, by
following the change in fluorescence intensity (Figure 4): the association of Pol to the DNA
strands results in a quenching of fluorescence and its dissociation results in an increase in
fluorescence. Pol is injected over the biochip surface for 2 min at 100 pL/min at increasing
concentrations, from 2.2 nM to 20 nM, followed by running buffer injections for 8 min to
induce the dissociation of the enzyme from the ligand strands. Importantly, the binding kinetics
is resolved in absence of dNTPs. As shown in Figure 4, Pol can bind to both DNA ligands present
in spot 1 (orange curves, top) and spot 2 (grey curves, bottom). This behavior is expected, since
this polymerase naturally binds to all DNA strands without any sequence specificity. However,
it can be observed a slightly higher change in fluorescence upon binding in spot 1 compared to
spot 2, that can be related to the higher flexibility of the ssDNA ligand in spot 1. The enzyme
association and dissociation kinetics are nicely described by a bi-exponential fit, especially at
higher concentrations, which can be correlated to the presence of two Pol on each DNA strand
exhibiting different binding rates. The resulting association rates (kownz2) and dissociation rates
(korr1,2), as well as the Pol affinity (Kpz2) for the target DNA strands have been obtained and
listed below in Table 1. Pol enzymes bind to the DNA strands with affinity in the single-digit nM
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range (Kpz) and in the three-digit pM range (Kp2) to both DNA ligand strands in both spots, with
similar association and dissociation rates. In more detail, the slow korr2 describes the majority
of the dissociation phase (90% of the relative amplitude) of Pol from the DNA ligands:
therefore, the Kp that better represents the Pol affinity to these DNA ligands is the one in the
pM range. Studies performed in SPR, measured the binding affinity of other types of DNA
polymerases (Klenow fragment of Escherichia coli DNA polymerase |, eukaryotic polymerase B,
and T4 and T7 bacteriophage polymerases) to duplex DNA strands, and reported a Kp in the
single-digit nM range [10—12], while other studies reported Kp in the three-digit nM range [13].
Differences in affinity of this class of enzymes between different studies and techniques can
be correlated to several reasons, e.g. the intrinsic difference between the types of
polymerases, different chip setup, different buffer compositions and/or to different flow rates.
Indeed, the abovementioned SPR studies were carried out at a flow rate of 10 plL/min, ten
times slower than the flow rate used in the present study.
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Figure 4. Binding kinetics of Tag Polymerase (Pol) at increasing concentrations (from 2.2 nM to 20 nM) to DNA
ligands in spot 1 (top, orange curves) and in spot 2 (bottom, grey curves). Buffer injections allow Pol to dissociate
from the DNA. The enzyme association results in a quenching of fluorescence, and its dissociation can be monitored
via the increase in fluorescence upon the buffer injection. The binding kinetics are described by a biphasic fit model
in both association and dissociation kinetics.
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Table 1. Kinetic values of Taq Polymerase binding to the Primer-Template DNA and control dsDNA.

Ligand konz konz korri korr2 Kb1 Kb2
(E+6 Ms?) (E+6 Ms?) (E-357%) (E-357) (nM) (pM)
Primer-
7.61+£0.30 0.93+£0.03 279104 0.54£0.01 3.67+0.15 580+ 20
Template
dsDNA 471+0.19 0.74 £0.03 22.8+0.3 0.291+0.01 483+0.21 390+ 16

4.2.3 Taq Polymerase characterization: DNA Elongation Activity

The second step for the characterization of Pol is the study of its DNA elongation activity upon
the injection of a mix of ANTP. DNA Polymerases elongate DNA in 5’ to 3’ direction. As explained
previously and in Appendix (section A2.3), thanks to the presence of the fluorescent dye on
the 5’ distal end of the template strand of the ligand, the increase in fluorescence signal is
correlated with the primer DNA elongation and hence with the duplex formation.

In this case, for studying the activity of Pol, a four-step workflow was used (Figure 5):

1) Functionalization of the surface with the Primer-Template DNA for spot 1 and control
dsDNA for spot 2;

2) Taq Polymerase association at a fixed concentration of 5 nM, to achieve a 1:1 binding
of Pol to each DNA ligand strand on the surface;

3) dNTP injection at increasing concentrations to follow in real time the DNA elongation;

4) Regeneration of the chip surface via the injection of a high pH solution to remove the
ligand strands and restore the initial chip surface condition.
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Figure 5. switchSENSE® workflow used to study the DNA elongation activity of Taq Polymerase (Pol) to DNA ligands.
1) Functionalization of the biochip surface with Primer-Template ss/dsDNA (spot 1), and with control dsDNA (spot
2). 2) Association of Pol to the DNA ligands. Pol is injected at a fixed concentration (5 nM) over the surface. 3)
Injection of dNTPs at increasing concentrations (from 0.03 uM to 20 uM) to monitor in real time the DNA
elongation. 4) Regeneration of the chip surface achieved by the injection of a high pH solution.

In the association step (2), Pol was injected at a fixed concentration of 5 nM per each cycle of
the workflow. This concentration was chosen because: i) it is about 10 times higher than the
Kbz in the pM range resulting from the binding studies previously described, which ensures that
the ligands on the surface are fully saturated with the enzyme, and ii) at this concentration it
is expected to have one Pol molecule binding per each DNA strand, as opposite to
concentrations around 20 nM, thus favoring a 1:1 interaction of enzyme per DNA. As shown in
Figure 6, the binding of Pol to the Primer-Template in spot 1 (Figure 6A) and dsDNA in spot 2
(Figure 6C), results in a reproducible quenching of fluorescence. By fitting the association
curves with a mono-exponential fit model, the association rates (kon) of Pol binding to the
Primer-Template and to the dsDNA can be obtained, resulting in 6.45 + 0.05 E+6 and 5.03 +
0.05 E+6, respectively. The very similar calculated values are precisely matching with the
association rates described in the previous binding study (Table 1).

In the activity step (3), following the association of Pol to the DNA ligands, increasing
concentrations of dNTPs (from 0.03 uM to 20 uM) were injected over the surface for 3 min
with 50 pL/min flow rate. The flow rate used here is slower than the one used in the binding
studies described above, because the flow needs to be fast enough to provide dNTPs to the
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Pol without being the limiting step of the reaction, but at the same time it does not have to be
too fast to avoid the dissociation of the enzyme from the DNA ligands, hindering its activity. As
shown in Figure 5B, the injection of substrate results in an increase in fluorescence in spot 1.
This is because the dNTPs are incorporated to the Primer strand by Pol that follows the
sequence of the Template strand, thereby elongating the Primer strand and forming a duplex
DNA. At higher dNTPs concentrations, the elongation of the Primer strand is faster and the
maximum fluorescence amplitude is achieved in a shorter time compared to lower dNTP
concentrations. In spot 2, on the contrary, increasing concentrations of dNTPs do not induce
anincrease in fluorescence (Figure 6D), as expected, since the fully dsDNA cannot be elongated
further by Pol, which as a consequence dissociates from the ligand.
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Figure 6. Taqg Polymerase activity characterization. A) Pol (5 nM) association to Primer-Template DNA ligand in
spot 1. B) Primer strand elongation upon injection of dNTPs at increasing concentrations. The increase in
fluorescence changes correspond to the elongation of the Primer strand, performed by Pol following the sequence
of the Template strand. C) Pol (5 nM) association to dsDNA ligand in spot 2. D) control measurement with injection
of dNTPs at increasing concentrations in spot 2, showing that no elongation is observed if a full dsDNA is on the
surface, thus Pol dissociates from dsDNA.

The fluorescence traces increasing during the elongation in spot 1, can be fitted with a mono-
exponential model. Hence, the observed rates during the elongation can be plotted for each
dNTP concentration (see Appendix, section A2.3), yielding a linear plot (Figure 7) that allows to
extrapolate the Pol catalytic rate (ke:) and the affinity (Kp) of Pol for the substrate dNTPs,
summarized in Table 2.
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Pol elongation activity can be studied by a Michaelis-Menten model described by Walsh and
coauthors [14] and summarized in the following equation:

Pol-DNA, + dNTP = Pol-DNA, - dNTP — Pol+ DNA,,, + PPi

where Pol - DNA,, is the Pol in complex with Primer-Template ligand, Pol - DNA,, - ANTP is
the complex formed by Pol, Primer-Template ligand and dNTP, and Pol + DNA,, 4 is the one-
base extension product. The complex formation is reversible and described by association rate
kon and dissociation rate korp, and the rate of product formation is described by k4. The
observed reaction rate constant is given by:

kops = kcatldNTP]/(Kp + [ANTP])

By plotting the k,j values as a function of nucleotide concentration and analyzing the curves
using the equation here above, the dNTPs substrate dissociation or affinity constant (Kp) and
enzyme turnover number (k.,) are determined (Figure 9). Given that

korr + k
Ky, = OFFk cat
ON

it is possible to consider Kp= K, if rapid equilibrium of nucleotide association and dissociation
is assumed (kopr >> keqr) [14].

cat

0.012 |

Observed Rate

I I I I I
0 0.5 1 1.5

Concentration [M]

x 1E-5

Figure 7. Plot describing Pol DNA elongation activity. The observed rate during DNA elongation are plotted per
each dNTP concentration, resulting in a linear plot. The observed rate at saturating substrate concentrations
equals the keat; the dNTP concentration at which is observed the half-maximal elongation rate equals the Kp of
Pol for the substrate. When a rapid equilibrium of dNTP association and dissociation is assumed, Kp = Kw.
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Table 2. Rate values of Taq Pol binding (kow) to the Primer-Template DNA and control dsDNA, the DNA elongation
activity (kcat) on Primer-template ligand upon dNTP injection, and the affinity (Kp) for the substrate dNTP.

Ligand kon Kcat Kp
(Ms) (s*) (uM)
Primer-Template 6.45 + 0.05 E+6 12.0+0.2 E-3 1.86 £0.10
dsDNA 5.03+0.05E+6 N/A N/A

In this specific case, we do not have all the necessary information to assess whether the Kp
equals the Ky, because we do not know the dissociation rate korr describing the dNTP
dissociation from Pol. Therefore, further studies on the binding kinetics of dNTPs to Pol are
needed to clarify the equality. However, gaining information on the affinity of the enzyme for
the substrate is important for understanding how fast/slow the dNTPs are in complex with Pol,
providing useful information on the activity rate of the enzyme.

Furthermore, by using exactly the same workflow and the same DNA ligands used for Pol, a set
of twenty different Pol mutants was tested (Figure 8). The resulting kcqts and substrate Kps are
listed below in Table 3. Noteworthy, every Pol mutant is able to bind to and elongate the DNA
of the Primer-Template ligand, but each Pol mutant has a different elongation activity and
speed. For example, Pol mutant #2 can reach a higher fluorescence amplitude during
elongation compared to Pol mutant #1 and mutant #5. In addition, by comparing the catalytic
values in Table 3, it can be observed that Pol mutant #1 has a slower catalytic rate, while Pol
mutant #17 has the fastest activity compared to the other mutants.
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Figure 8. Screening of Pol mutants. The same workflow and the same Primer-Template ligand that were used to
characterize Pol binding and activity (Figure 6), were used to screen a set of 20 different mutant forms of Pol. All
the Pol mutants tested showed to be able to elongate the DNA primer strand, although with different speed.
Notably, they can lead also to a different maximum fluorescence amplitude.

Table 3. Rate values of Pol mutants describing their DNA elongation activity (kcat) on Primer-template ligand upon
dNTP injection, and the affinity (Ko) for the substrate dNTP.

Polymerase Keat Kp Polymerase Keat Ko

mutant (#) (E-357) (uM) mutant (#) (E-357) (uM)
1 11.0+0.2 1.00%+0.32 11 41.6+03 2091043
2 33.2+03 2.71+0.37 12 359+03 204041
3 485+0.7 2.26+0.63 13 56.6+1.3 3.06+0.57
4 175+0.1 217+0.21 14 545+0.7 2.26+0.46
5 24.8+4.0 3.14+0.46 15 67819 2.20+0.04
6 404+0.3 2.05+0.51 16 71.5+0.7 3.20x0.49
7 32.0+£09 3.01x0.74 17 108 £3 3.25+0.45
8 456+04 2.16+044 18 53.7+£05 2.78+0.37
9 43.0+04 2.34+0.58 19 329+05 220+0.24
10 60.1+0.7 2.66+0.65 20 547+06 2.73+0.70
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4.2.4 Taqg Polymerase characterization: Activity Inhibition

To further characterize Pol binding and activity, an enzyme inhibition assay was performed.
The same workflow employed to study Pol activity (Figure 5) was used to test Pol inhibition
induced by CaCl,, a known inhibitor of DNA Polymerases [15—17]. However, in this case:

i) In step 2, increasing concentrations of CaCl, (from 0.16 mM to 10 mM) were added
to Pol (5 nM) to test the inhibition of binding to the DNA ligands;

i) In step 3, a fixed saturating dNTPs concentration (100 uM) was used, while
increasing concentrations of CaCl, (from 0.16 mM to 10 mM) were injected at each
cycle to test the activity inhibition.

The result of the presence of CaCl, can be observed below (Figure 9).
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Figure 9. Enzyme inhibition assay. A) Pol binding inhibition. CaCl> was mixed together with Pol (5 nM) before
injection on the surface. Increasing concentrations of CaClz do not inhibit Pol binding to DNA. B) Pol activity
inhibition. CaCl> was mixed dNTPs (100 uM) before injection. A decrease in fluorescence levels related to the
inhibition of Pol activity can be observed at increasing CaCl; concentrations.

Pol is injected at a fixed concentration (5 nM) to observe the effect of CaCl, on the binding to
DNA (Figure 8A). However, Pol is able to bind to the DNA ligands despite the presence of the
inhibitor, as shown by the quenching of fluorescence signals at each Pol injection. By fitting the
association curves with a mono-exponential fit model, the association rate of Pol in presence
of CaCl, can be calculated, resulting in koy = 3.32 + 0.05 E+6, very similar to the association rate
obtained without CaCl, (Table 1 and 2), confirming the non-inhibition of its binding ability.

In the next step, CaCl, is mixed with a fixed concentration of dNTPs (100 uM) to observe the
inhibitory effect on the Pol elongation activity (Figure 8B). At low concentrations of CaCl, (0.16
mM to 0.31 mM), the elongation activity is poorly or not affected, as shown by the increase in
fluorescence change that perfectly matches with the run in absence of CaCl; (blank run with
only dNTPs). At intermediate concentrations (0.62 mM to 1.25 mM) the Pol activity is gradually
reduced, while higher concentrations (2.5 mM to 5 mM) of CaCl; drastically decreases the Pol
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activity, that is completely inhibited at 10 mM CaCl,. Similarly to the analysis done for the
activity, it is possible to plot an inhibition curve by analyzing the activity (%) at each inhibitor
concentration (Figure 10), thus providing the half maximal inhibitory concentration (ICsg), in
this case found to be equal to 0.50 + 0.03 mM, which is the concentration of inhibitor able to
inhibit by 50% the activity of Pol. Other studies on the Pol inhibition reported the ICso of CaCl;
in the single-digit mM range [16], while others observed no inhibition up to 1.5 mM (which is
the maximum final concentration used) [18]. However, in these studies the inhibition of the
activity is measured as inhibition of the amplification step of PCR, difference that can justify a
slightly different value than what observed with the presented system, dynamically studied on
a chip surface without incubation step.

100

o]
o
I

IC, = 0.5mM

(o))
o
I

Activity (%)
o
|

oN B
o
I

L L L L | LI B I LI I I

1E-4 3.2E4 1E-3 3.2E-3 1E-2
Inhibitor Concentration [M]

Figure 10. Plot describing Pol inhibition assay. The activity of Pol at saturating concentration of dNTP in presence
of increasing concentrations of inhibitor, can be plotted per each concentration of CaClz. From the resulting curve,
it is possible to understand the half maximal inhibitory concentration (ICso).

CaCl; has been selected as an example of Pol inhibitor for a proof of concept study of the
activity inhibition assay. However, this study can be extended to any candidate inhibitor, and
also opens the way for a high throughput screening of inhibitors, allowing to identify those that
can inhibit the binding to DNA or only their DNA elongation activity, and to compare their ICso.

4.3 Conclusions

The method here reported allows the thorough characterization of DNA polymerases binding
to DNA and their polymerization activity, which are topics of great importance in the
biomedical and biotechnological field. Binding measurements of polymerase to DNA strands
have been performed also with other surface technologies like SPR [19-21], that is also used
in a commercially available apparatus developed for sequencing, and commercialized by
PacBio [22]. Compared to other technologies [19,23-25], the herein presented switchSENSE®-
based method does not require the labeling of the polymerase nor of the dNTPs, which can
affect the reliability of the results. In conclusion, with a simple workflow and the same chip,
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which can be customized depending on the test system, it is possible to gain information on
the mechanism of action of DNA-modifying enzymes, their binding rates (kow, korr), their
affinity for DNA and substrates (Kp), and their catalytic properties (kcat and Ku).

4.4 Materials and Methods

4.4.1 Materials

Tag DNA Polymerase (Pol) used in the binding kinetics, in the enzymatic activity assay and in
the inhibition assay was purchased from New England Biolabs Inc (product NEB #M0273S).
Deoxynucleotide (dNTP) solution mix used in the enzymatic activity assay and in the inhibition
assay was purchased from New England Biolabs Inc (product NEB #N0447S). Pol and dNTP mix
were stored at -20°C according to the provider instructions, and diluted in the Polymerase
running buffer (50 mM HEPES pH 8.3, 75 mM KCl, 2.5 mM MgCl,, 0.05 % Tween20) at the
specified concentrations shortly before the measurements. CaCl; used for the inhibition assay
was purchased from Sigma-Aldrich, diluted in the Polymerase running buffer at 50 mM and
added to the Pol and dNTP mix solutions at the specified concentrations shortly before the
measurement. Biochip surface was functionalized with the DNA ligands of Enzyme Activity kit
(HK-EA-1, Dynamic Biosensors).

4.4.2 Chip surface functionalization

All switchSENSE® experiments were performed on a dual-color heliX* instrument using a
standard heliX Adapter Biochip (ADP-48-2-0, Dynamic Biosensors), in which single-stranded
DNA (48-mer anchor strands) are covalently attached to the chip surface. Each chip is equipped
with 2 gold electrodes (or spots), with different DNA anchor strands. Here, spot 1 was used as
a measurement spot, and spot 2 as real-time reference spot. Spot 1 was functionalized with
the Primer-Template ligand: the 48-nucleotide ligand strand was elongated with a random
sequence of 32 nucleotides carrying a red fluorophore (excitation range 600-630 nm and
emission range 650—685 nm) on the 5’ distal end, and mixed with the 96-nucleotide dark
adapter (not carrying the dye). Spot 2 was functionalized with the dsDNA analogue of spot 1:
the 48-nucleotide ligand strand elongated of a random sequence of 32 nucleotides carrying
the red fluorophore on the 5’ distal end, was mixed with the 96-nucleotide dark adapter (not
carrying the dye) elongated of the complementary sequence of 32-nucleotides of the ligand
strand (see Figure 2). The ligands were then let hybridize at 25°C for 30 min on a shaker at 600
rom. Secondly, the ligands were immobilized on the biochip via hybridization of
complementary anchor strand. The chip was regenerated and freshly functionalized before
each concentration of a measurement series. For chip regeneration, a high-pH regeneration
solution (HK-REG-1, Dynamic Biosensors) was used to denature the double stranded DNA
nanolevers, disrupting the hydrogen bonds between base pairs: the ligands are washed away
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while the covalently attached single-stranded nanolevers remain on the surface and can be
reused for a new functionalization step.

4.4.3 Fluorescence Proximity Sensing (FPS) mode

Interaction analysis was performed in fluorescence proximity sensing (FPS) mode with a
constant voltage of -0.2 V applied, which forces the surface-tethered DNA ligands into a fixed
angle. In the FPS measurements, Pol was injected at the specified concentrations over the two
electrodes of the biochip. When Pol binds the DNA ligands on spot 1 (Primer-Template,
ss/dsDNA) and on spot 2 (control dsDNA), a decrease in red fluorescence signal can be
measured. The fluorescence signal changes occur on the timescale of seconds, and the time
dependence of the fluorescence signal directly reflects the Pol-DNA kinetics. Upon the
injection of running buffer, Pol dissociates from the DNA ligands and a restoration of the
original fluorescence signals can be observed. The sample tray containing the DNA ligands and
Pol was set to 15°C during measurements, while the experiment temperature on the biochip
was set to 25°C. Pol was diluted and measured in the Polymerase running buffer (50 mM HEPES
pH 8.3, 75 mM KCl, 2.5 mM MgCl,, 0.05 % Tween20). Flow rate for association and dissociation
reactions was set to 100 pL/min. The red LED power was set to 2. Experiment design, workflow
and data analysis were performed with the heliOS software (Dynamic Biosensors). The
association and dissociation rates (kon and korr), dissociation constants (Kp) and the respective
error values were derived from a global single exponential fit model, upon blank referencing
correction.

4.4.4 Enzymatic Activity analysis

Enzymatic activity analysis was performed in FPS mode at 25°C with a constant voltage of -0.2
V applied. Pol was injected at 5 nM concentration over the two electrodes of the biochip for 2
min at 50 puL/min, without any following injection of running buffer. Then, dNTPs were injected
at the specified concentrations for 3 min at 50 pL/min, without any following injection of
running buffer. When dNTPs reach Pol bound to the Primer-Template ligand in spot 1, an
increase in red fluorescence signal can be recorded (see Figure 5). This is thanks to the
elongation of the Primer strand by using the Template strand sequence as a guide for DNA
elongation. Pol converts the upper part of the DNA from a flexible single-stranded DNA to a
more rigid double-stranded DNA, thereby effectively moving away the dye from the
fluorescence-quenching surface. The inhibition assay was performed with the same setting
specified for the enzymatic activity, and by mixing CaCl; at the specified concentrations with
Pol (5 nM) and dNTPs (100 uM) before the measurements, diluted in running buffer (50 mM
HEPES pH 8.3, 75 mM KCl, 2.5 mM MgCl, 0.05 % Tween20). The red LED power was set to 2.
Experiment design, workflow and data analysis were performed with the heliOS software
(Dynamic Biosensors). The association rate (kow), catalytic rate (ke:) and the dissociation
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constant (Kp) and the respective error values were derived from a global single exponential fit
model (see details in Appendix, section A2.3).
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Chapter 5

Concluding remarks

5.1 Conclusions

Molecules are the fundamental building blocks of every aspect in living cells and organisms,
and life would not exist without molecules interacting with each other. For this reason, the
objective of this PhD project was mainly focused on characterizing several types of interactions
between different classes of molecules, from small molecules and aptamers, to proteins and
big enzymes. The aim is to provide detailed insights on how different molecular mechanisms
work, advancing the knowledge on the biophysical aspects of molecular interactions and
promoting the drug discovery field. Three case studies on different types of molecules have
been chosen and herein presented, fully characterized with the switchSENSE® technology,
which, thanks to the DNA-based biochip combined with fluorescence detection and a
microfluidic system, allows the in-depth characterization of molecular interactions on a
surface.

In the first case study (chapter 2), the switchSENSE® DNA-based chip was converted into an
aptasensor for binding to specific molecular targets. Aptamers are short synthetic DNA or RNA
strands that recognize and bind a specific target molecule, and they are gaining increasing
interest for therapeutic and diagnostic purposes. The thrombin-binding DNA aptamer (TBA)
was chosen as a proof-of principle study and thoroughly characterized. In this project, TBA
folding and unfolding induced by ion kinetics were studied, showing that different types of ions
can induce different aptamer folding orientations. The dependency on the salt species of the
thrombin affinity for its aptamer was investigated, demonstrating that buffers containing KCl
represent the best environment to promote TBA-thrombin binding. In addition, the described
approach can be easily adapted to various DNA/RNA aptamers, finding different applications
in the biomedical field.
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In the second case study (chapter 3), the supramolecular DNA Y-structure was introduced as a
novel tool to study protein-protein interactions. With its dual-colored arms, the Y-structure is
an unique approach for characterizing the formation of ternary complexes induced by
PROteolysis TArgeting Chimeras (PROTACs), small molecules designed to induce the targeted
protein degradation via the ubiquitin-proteasome system. Therefore, PROTACs represent a
new strategy in the drug discovery process, that allows to understand the biological function
of target proteins, and that helps the development of new therapies in cancer research. In this
project, two model systems based on different E3 ligases (VHL and CRBN) were studied, and a
set of different PROTAC molecules were analyzed to determine the kinetic rates of ternary and
binary complexes formation with the bromodomain (Brd) proteins. Noteworthy, it is the first
time that the real-time kinetics of the formation of the ternary complex involving CRBN as
ligase were resolved on a surface-based platform.

In the third case study (chapter 4), a versatile method to measure the binding kinetics and
activity rates of DNA-modifying enzymes (i.e. polymerases, transcriptases, helicases, etc.) was
described. These enzymes play fundamental roles inside the nucleus of cells, taking part in
genome replication and transcription, and the understanding of their mechanism is essential
in the biomedical field. DNA polymerases find also broad applications in the biotechnological
field for their application in PCR and in sequencing techniques. In this chapter, the Tag DNA
Polymerase performing DNA elongation using another DNA strand as template was used as a
model system, and the same strategy was successfully adopted also for reverse transcriptases
using RNA strands as template, and also for helicases performing DNA unwinding using ATP as
substrate. In addition, the same workflow explained herein, can be used for activity inhibition
assays and for high throughput screening of enzymes inhibitors.

In conclusion, during my PhD project | was able to deeply study and characterize the kinetic
behavior of different and diverse biological interactions, using the switchSENSE® technology. |
was able to study in a straightforward manner DNA aptamers kinetics and DNA polymerases
activity, and to establish a new tool for studying protein-protein interactions. By using the dual-
color fluorescence detection for FRET analysis and the novel supramolecular DNA Y-structure,
| was able to study and fully characterize in an innovative way ternary complexes formation
induced by PROTACs.
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Appendix

A1l. proFIRE®: pure protein-DNA conjugates
A2. Binding Kinetic Theory

A3. Kinetic Fit Operations

140



Al. proFIRE®: pure protein-DNA conjugates

Protein-DNA conjugates are not only essential components of switchSENSE® workflows, but
they are also widely used in biomedical research (DNA repair, DNA modifying enzymes, etc.),
and in the DNA nanotechnology field [1]. For example, oligonucleotide-conjugated antibodies
are commonly used in therapeutic cell targeting and protein diagnostics [2], and the generation
of defined protein-oligonucleotide conjugates as covalent DNA-protein crosslinks (DPCs) is
crucial for the understanding of fundamental processes of genome instability [3]. However,
conventional purification methods usually require ad hoc optimization for each sample to be
purified, and generally yield heterogenous mixtures of conjugates. A valuable solution of this
major challenge is the proFIRE®, a chromatography system specifically designed for purification
of protein-DNA conjugates (Figure A1) [1-3].

Figure A1. proFIRE® instrument. It is a system based on ion-exchange chromatography, that can be controlled via
a tablet-based software. This system has been implemented for purifying DNA-protein conjugates, separating
them from the free DNA and unreacted proteins from the coupling process. Source: Dynamic Biosensors.

A1.1 proFIRE® system

The proFIRE® system performs the purification of DNA-protein conjugates. The proFIRE® is
composed of different parts (figure A2):
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The instrument is equipped with a tablet-based software, that is used for controlling
the instrument and for the analysis of the conjugation results. The software allows
automatic recognition and quantitation of the conjugates products;

ii.  The portable buffer deck can accommodate the two phosphate buffers (named buffer
A and B) needed for the purification process;

iii.  The ASM (Active Solvent Modulation) module contains: 1) the UV detector, to measure
absorbance at 260 nm for detection of DNA in the conjugate sample, 2) the port valves
for the injection and for the fractionation, 3) the ion-exchange chromatographic
column that allows to separate the DNA-protein conjugates from the free protein and
the free DNA based on their charge;

iv. ~ The pump module contains the pump head and the valves needed to distribute the
buffers across the system, as well as the compartment for the fraction collection.

i tablet based software

- portable buffer deck

injection port

- easy column access

portable
fraction collector

Figure A2. proFIRE® system components, from top to bottom: tablet equipped with the proFIRE® software, buffer
deck, ASM module, pump module. The software installed in the tablet allows to control the device and analyze the
purification results. The portable buffer deck can accommodate the buffer bottles. The ASM module includes the
chromatographic column and the injection port. The pump module at the bottom includes the portable fraction
collector. Source: Dynamic Biosensors.

The proFIRE® automatically recognizes, purifies and quantitates DNA-protein conjugates from
unreacted species independent on DNA length and protein molecular weight. The sample to
be purified is injected in the sample loop with the syringe, and then it passes through the ion-
exchange chromatographic column, separating the sample mixture based on the charge. The
proFIRE® system pumps two different buffers, Buffer A (50 mM NaxHPO4/NaH,PO4 pH 7.2, 150
mM NaCl) and Buffer B (50 mM NazHPO4/NaH,PO4 pH 7.2, 1 M NaCl) at 1 mL/min, creating a
buffer gradient that allows the separation of the DNA-protein conjugate from the free DNA
and free protein (Figure A3).
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Figure A3. Example of a raw proFIRE® chromatogram. The two different color-coded areas show the buffer
gradient created by the Buffer A (light blue area) and Buffer B (light pink area). It is possible to observe several
peaks: the first peak is the one of free protein, the second peak is the one of the DNA-protein conjugate, and the
third peak is the one of free DNA. There are 12 fractions where the DNA-protein conjugate can be collected (in this
example, in fractions 10, 11 and 12). At the end of the run, a washing step prepares the proFIRE® system for the
next purification.

Molecules with a molecular weight around or lower than 5 kDa require special care during the
purification process: small molecules and some peptides may not be properly purified using
the standard chromatographic column provided by Dynamic Biosensors. Finally, the proFIRE®
software algorithm automatically detects, separate and quantify the conjugate peaks from the
free DNA (and unreacted protein), as shown in figure A4.

CONJUGATE IDENTIFICATION

ALGORITHM
Protein-DNA Free Automated analysis of Fits of conjugate peaks with
conjugate peaks DNA DNA peak characteristics matching DNA characteristics

= 24

s —> —

&

< 1

0 T T T T T T
500 600 500 600 500 600
Time (s) Time (s) Time (s)

Figure A4. proFIRE® software smart algorithm automatically detects the peaks and distinguishes the conjugate
peak from the free protein and free DNA peaks. Source: Dynamic Biosensors.

143



proFIRE® instrument specifications are summarized in the table below:

DNA length 10— 150 nt
Protein molecular weight 5—-500 kDa
Injection volume 50 - 1000 pL
Number of fractions 12
Fraction volume 200 — 800 plL
Temperature range 10-30°C

A1l.2 Conjugation methods

The first step to obtain pure protein-DNA conjugates is to choose the preferred coupling
strategy. Dynamic Biosensors provides different coupling kits for covalent coupling of proteins
to DNA oligos by employing different coupling strategies:

i.  Amine coupling: it allows for coupling of biomolecules with primary amines (e.g. NH»-
terminus, lysines) to the DNA strand (NHS chemistry) [2,3];
ii.  Thiol coupling: it allows for coupling of biomolecules with free thiols (e.g. cysteines) to
the DNA strand (Maleimide chemistry);
iii.  His-mediated amine coupling: it allows for oriented coupling of His-tagged
biomolecules with primary amines (e.g. NHz-terminus, lysines) in the proximity of the
His-tag to the DNA strand (NHS chemistry) [4].

The amine coupling is the conjugation method used to couple proteins to DNA oligos in all the
cases described in Part Il of this PhD thesis. To conjugate proteins to DNA oligonucleotides, a
water-soluble crosslinker was used: S-SMCC (sulfosuccinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (Figure A5). S-SMCC is a heterobifunctional amine-to-sulfhydryl
crosslinker, which contains two reactive groups at opposite ends: N-hydroxysuccinimide (NHS)
ester and maleimide. The NHS ester end of the reagent can react with primary amine groups
on proteins to form stable amide bonds. The maleimide end of S-SMCC is specific for coupling
to sulfhydryls when the reaction pH is in the range of 6.5 to 7.5 [5].

SO,Na O

\_/( O\

N—O N

;‘ 2 < : O

O o
Figure A5. Structure of S-SMCC (sulfosuccinimidyl-4-(N-maleidomethyl) cyclohexane-1-carboxylate), the
heterobifunctional crosslinker used to covalently conjugate DNA oligonucleotides to proteins. Adapted from [5].
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The DNA oligonucleotides that are used for the amine coupling of proteins are modified with
a thiol group by the manufacturer (Ella Biotech, Germany), reacting therefore with the
maleimide group of S-SMCC. Once the DNA oligo gets activated with the crosslinker, it is
incubated with the protein of interest, that will be coupled via its primary amines to the NHS
group of S-SMCC. In fact, the protein primary amine group reacts as nucleophile and attacks
the carbonylic group of the NHS ester. A reaction intermediate is formed, that, with an electron
rearrangement, leads to the formation of an amide bond and to the release of the NHS as
leaving group. A schematic representation of the NHS chemistry used to conjugate proteins is
depicted below in Figure A6.
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Figure A6. Reaction mechanism of NHS chemistry used to covalently link proteins via their reactive amine groups
(R2-NH2) with subsequent amide bond formation. This strategy is adopted to covalently link proteins to DNA
oligonucleotides. Adapted from [6].

A1.3. Conjugation and purification protocol

In part Il of this thesis, for all the case studies which required protein immobilization on the
biochip surface, a standard amine coupling kit (HK-NHS-1) has been used for conjugating
proteins to a 48mer DNA strand and obtaining protein-DNA conjugates, and the purification of
the DNA-protein conjugates has been performed with the proFIRE® system. The amine
coupling kit allows for coupling of biomolecules with primary amines to the DNA (ligand strand)
in a single reaction tube. Primary amines exist at the N-terminus of each polypeptide chain and
in the side-chain of lysine amino acid residues, thus the accessibility of these groups will affect
the conjugation reaction. It is also important to avoid using any buffers containing primary
amines (i.e. Tris, Glycine) that can compete with the protein conjugation process, and thiol-
based reducing agents (Dithiothreitol, 2-mercaptoethanol, etc.), that can impair the coupling
reaction. The conjugation-purification protocol is described in detail below and summarized in
figure A7. The protocol is divided in four main steps:

1. The first step consists in the modification of the DNA strand, or ligand strand, with a
crosslinker;

2. Inthe second step, the protein, or ligand, is incubated with the activated DNA;

3. The third step is the purification of the DNA-protein conjugate via the proFIRE®;
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4. The fourth step consists in the concentration of the DNA-protein conjugate and buffer
exchange for optimal storage conditions.

\_rf' Crosslinker Q Ligand proFIRE® Conjugate stock
l l solutions
=g
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—
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N /N WAY,
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\/ \/
1. DNA modification 2. Protein conjugation 3. Purification 4. Ready-to-use fractions
The DNA is activated with amine  After incubation the excess linkeris  The protein-DNA conjugate is purified The fractions with protein-DNA
reactive groups. removed by a spin column. using the proFIRE® system. conjugates are ready for further

The protein/peptide is added to the Purification takes less than 30 minutes. processing.
functionalized DNA and incubated
for at least 1 h.

Figure A7. Conjugation-purification workflow. The first step involves the activation of the ligand strand with a
crosslinker. After that, the excess crosslinker is removed through a spin column, and the ligand is added in the
solution with the activated ligand strand. The hands-on time for the conjugation is circa 30 min. After a proper
incubation time, the ligand-DNA conjugate is then purified with the proFIRE® system. The purification yields
fractions solutions ready to be stored or further processed. Source: Dynamic Biosensors.

Step I: DNA modification

In the first step, a 48mer DNA strand, also called Ligand strand, is incubated with the
crosslinker, yielding an intermediate activated product that will react with the reactive amine
groups of the protein in the second step.

1. Dissolve Ligand strand NHS in 40 pL Buffer A (50 mM NaxHPOs/NaH,P0O4 pH 7.2, 150
mM NaCl, Dynamic Biosensors) prior to use, vortex until all solids are completely
dissolved and briefly spin down.

2. Dissolve the crosslinker (Dynamic Biosensors) by adding 100 pL ddH20, vortex until all
solids are completely dissolved and briefly spin down.

3. Add 10 pL of the freshly prepared linker solution to one Ligand strand aliquot. Discard
the remaining linker solution from step 2.

4. Vortex the reactants for 10 sec, spin down and incubate for 20 minutes at room
temperature. In this step it is important to not exceed incubation time or the reaction
yield will decrease.

5. Inthe meantime, equilibrate two purification spin columns for coupling reaction:

a. Remove the column’s bottom seal and loosen cap (do not remove cap).
b. Place the columnina 2.0 mL reaction tube.
c. Centrifuge at 1,500 x g for 1 minute to remove the storage solution.
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6.

d.

Add 400 pL of Buffer C (50 mM NaxHPOs/NaH,PO4 pH 8.0, 150 mM Nadcl,
Dynamic Biosensors) to the column’s resin bed. Centrifuge at 1,500 x g for 1
minute to remove buffer.

Repeat step d and discard the resulting buffer from the reaction tube. The
purification spin column should now be in a dry state.

Sample loading:

a.
b.

Place the columns from step 5 in new 1.5 mL reaction tubes.

Remove the cap of spin column number 1 and apply the sample from step 4 to
the top of the resin bed.

Centrifuge at 1,500 x g for 2 min to collect the sample (flow-through). Discard
the Purification spin column after use.

Remove the cap of spin column number 2 and apply the sample from step c to
the resin bed.

Centrifuge at 1,500 x g for 2 min to collect the sample (flow-through). Discard
the Purification spin column after use.

Step Il: Protein conjugation

In the second step, the protein ligand is added to the activated DNA sample, in order to achieve
the conjugation through the protein amine groups.

7.

Add approx. 100 pg (up to a maximum of 200 pg) of the protein (concentration
approximately 0.5 — 50 mg/mL) to the sample from step 6.

Mix the reaction by pipetting up and down (it is important to not vortex) and let it
react at room temperature for at least 1 hour. If necessary, the reaction can be carried
out at 4°C with a longer reaction time (e.g. overnight).

Step lll: Purification

In the third step, the DNA-protein conjugate sample is purified via the proFIRE® in order to
separate the conjugate from the free DNA and the unreacted protein.

9. Perform a purification using the appropriate proFIRE® workflow. The sample volume
must be 160 pL: if the volume is less than 160 L, make up the missing volume with
Buffer C; if the volume exceeds 160 UL, please perform additional 160 uL runs until all
of the sample is consumed.

Use the Data Viewer software of the proFIRE® to identify which fractions contains
pure conjugate. Examples of chromatograms are shown in figure A8-10 here below.
11. Remove the recommended fractions from the fraction collection.

10.
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Figure A8. Example of proFIRE® chromatogram and resulting report of a DNA-protein conjugate of a medium-sized
protein (thrombin, 37 kDa). In the chromatogram, multiple peaks can be observed: the first peak belongs to the
unreacted free protein, the second peak is the protein-DNA conjugate, the third peak is the free DNA peak that did
not react with the protein. The purification is performed via ion exchange in a buffer gradient that allows to
separate the conjugate from the free DNA. Buffers used: Buffer A and Buffer B. Column: DBS-Chromatographic
column. Flow: 1 mL/min. Used program: DNA length 48, Type 1. The proFIRE® software provides a report with
indications regarding the amount and concentration of conjugate in each selected fraction.
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Figure A9. Example of proFIRE® chromatogram and resulting report of a DNA-protein conjugate of a small-sized
protein (ubiquitin, 8 kDa). Buffers used: Buffer A and Buffer B. Column: DBS-Chromatographic column. Flow: 1

mL/min. Used program: DNA length 48, Type 1. The proFIRE® software provides a report with indications regarding
the amount and concentration of conjugate in each selected fraction.
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Figure A10. Example of proFIRE® chromatogram and resulting report of a DNA-protein conjugate of an antibody
(Golimumab, 150 kDa). Buffers used: Buffer A and Buffer B. Column: DBS-Chromatographic column. Flow: 1
mL/min. Used program: DNA length 96, Type 1. The proFIRE® software provides a report with indications regarding
the amount and concentration of conjugate in each selected fraction.

Step IV: Ready-to-use fractions

Since the last buffer used during the purification step is high in salt concentration, for optimal
storage, the buffer exchange to low salt content is an important step to preserve the DNA-
protein conjugate.

12.

Add 500 pL of the first proFIRE ® fraction containing the Ligand strand conjugate
to the centrifugal filter unit. Centrifuge at 13,000 x g (up to 14,000 x g) for 10
minutes and discard flow-through.

Add the remaining fractions to the same filter unit and repeat the centrifugation
step in order to collect all samples in one tube.

Add 350 plL of desired storage buffer (e.g. PE40, HE40, TE40, which are respectively
phosphate-, hepes- and tris-based buffers containing 40 mM of NaCl) and
centrifuge at 13,000 x g for 10 minutes. Discard the flow-through again.

Add 350 L of desired storage buffer and centrifuge at 13,000 x g for 15 minutes.
Discard the flow-through again.

To recover the Ligand strand conjugate, place the centrifugal filter unit upside
down in a new centrifugal collection tube. Spin for 2 minutes at 1,000 x g to transfer
the sample to the tube. Check Ligand strand conjugate concentration after buffer
exchange by using absorbance at 260 nm and the following equation (Lambert-
Beer equation):

C=A/(e xd)

C = concentration ligand strand conjugate

A = absorbance at 260 nm

€ = extinction coefficient Ligand strand = 490,000 L mol* cm™?
d = optical path length (usually 1 cm)
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13. Adjust the concentration to 200 nM — 1 uM in the desired storage buffer (including up
to 10 % glycerol if needed).
14. Store between 8°C and -86°C as desired.

150



A2. Binding kinetics theory

A2.1 Studying molecular interactions

Molecules and proteins exert their actions by interacting with their specific molecular targets.
When two interacting species, such as a ligand molecule (L) and a target analyte molecule (T),
are in the same environment, they can bind forming a reversible complex at equilibrium. The
mechanism of interaction is composed by 2-steps process: 1) association phase, when the
complex is formed, and 2) a dissociation phase, when they dissociate into free species (Figure
A11). These two phases are described by association and dissociation rates, indicated with kow
and korr, respectively. Thus, studying binding reaction kinetics means describing the rates at
which an interaction between two molecules occurs [7,8], allowing to infer the strength of the
interaction and the stability of the complex formed between the two molecules.

FREE BOUND
kON

> +>T) T LT
korr

Figure A11. Whenever two interacting molecular partners, e.g. a ligand L and a target analyte T, are free to move
and interact, they can bind and form a molecular complex. Generally the complex formation is a reversible process,
thus we can see an association phase and a dissociation phase. The association into a complex and the dissociation
into free molecules is described by binding rates, the association rate (kon) and the dissociation rate (korr).

There are two possible ways to study the interactions label-free: in solution (e.g. ITC), or on a
surface in a flow channel (e.g. SPR and switchSENSE®). These two ways to study interactions
differ in the information content they provide:

e in solution-based methods, the main advantage of studying interacting molecules is
their availability to freely interact in a native-like environment. However, the main
disadvantage is that once molecules are added in the solution environment, they
cannot be removed, which means that only the affinity or dissociation constant (Kp) can
be calculated from the reaction at the equilibrium via titration of the two species. In
addition, normally large volumes and wide range of concentrations need to be used for
accurate affinity calculation, which are not always available for biological systems;

e in surface-based methods (e.g. in a flow channel), the main advantage is that the
interacting molecules can be removed after being added in the reaction environment,
through the flow, providing full kinetic information of the binding reaction. Therefore,
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association rate (kon), dissociation rate (korr), and the affinity (Kp) can be calculated
from real-time measurements. Here, the main disadvantage is the requirement of
having one of the two interacting molecule immobilized on the surface, in order to
follow the dynamism of the interaction.

Since all the kinetics measurements presented in chapters 2, 3 and 4 have been measured by
using the switchSENSE® technology, the description of the binding kinetic theory in the next
paragraph is focused only on interactions studied with surface-based methods.

A2.2 Binding at equilibrium

In surface-based methods, the ligand molecule is immobilized on the surface, and the target
analyte molecule is carried on the surface with a flow. The association with the ligand starts
when the target analyte is injected on the biosensor surface. Then, the dissociation is achieved
through a buffer injection, that allows to separate the target analyte from the ligand. Thus,
their interaction can be formulated as:

kon
L+T &= LT (1)

kOFF

where LT is the resulting ligand-analyte complex. The association and dissociation of the two
molecular species are described by the association rate koy (M s1) and by the dissociation
rate kopp.(s?). At equilibrium, the rate of complex formation equals the rate of complex
dissociation into the singular molecular species, and can be expressed as:

kon [L1[T] = kopr [LT] ()

where the square brackets indicate the concentration of each molecular species at equilibrium.
The dissociation constant K (M) is defined by:

K, = korr _ [L][T] 1 (1)

where K, (M) is the association constant. Based on this equation, that is known as law of
mass action in solution [9], an interaction with a fast association rate and a slow dissociation
rate, has a high association constant and a low dissociation constant, and consequently a high
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binding affinity. It is often preferred to consider the Kj rather than the Kj, because it has a
unit of a concentration (M) and can be more easily correlated to the reactant concentrations.

The theory behind binding kinetics at equilibrium describes interactions between molecules in
solution. Therefore, assumptions must be made for surface-based technologies, that require
the ligand to be immobilized on the surface, while the target analyte is free in solution. When
proper theoretical and experimental considerations are applied, surface-based technologies
are tools that provide reliable data that match with the ones obtained with solution-based
technologies [10]. A practical consequence for surface-based technologies like switchSENSE® is
the constant number of ligand molecules (n;,) immobilized on the biosensor surface:

Nio =Ny + Ny = constant (|V)

where n; is the number of free binding sites of the ligand, and n; is the number of ligand
binding sites occupied by the target analyte. This equation introduces another important term
in surface biosensor analysis, the fraction bound (f), that correlates with the output signal, and
is determined by the number of ligand binding sites occupied with the target analyte over the
total number of ligand binding sites:

_ mur
f=E (v)

The fraction bound is 0% when no analyte is injected through the surface, and it is 100% when
the ligand binding sites are fully occupied by analyte molecules. As a consequence, the law of
mass action can be rearranged for surface-based biosensors into:

feq [T] = u (V1)

[T]+Kp

that correlates with the Langmuir isotherm for gas molecules adsorbed to a surface, and it
implies that the fraction of analyte bound at the equilibrium is only dependent on the analyte
concentration and on the dissociation constant [11]. If the target analyte concentration is equal
to the dissociation constant, the fraction bound is 50% and half of the total number of ligand
binding sites are occupied.

Characterizing a binding reaction kinetics means not only to understand how strong is the
interaction, but also to study how the ligand and the analyte interact during a specific period
of time (t). During the association phase of the target analyte at a given concentration, the
fraction bound can be described as:
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fITD = foq [T]-[1 — exp{—kg%’ - t}] (vil)

where k385 is the observable association rate and it is inversely correlated with the time

constant T:

k3% = [T1" kon + korr (Vi)
kghs = — (1X)
TON

In order to observe the dissociation of the target analyte from the ligand, pure buffer solution,
not containing the analyte ([T] = 0), is injected through the surface. The fraction bound
therefore is measured as:

f(t) = a-exp{—kopr - t} (X)

where a is the amplitude and corresponds to the fraction bound just before the dissociation
phase (Figure A12).

FI e
ow ® ® ®
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Analyte (T) - Dynamic Equilibrium /'.
Ligand (L) @ Y ()

Complex formation (association) Complex dissociation
Integrated rate equation: Integrated rate equation:

FIET) = feq(T) - [1— ™40 J) =a-eort

Figure A12. The fraction bound (f) correlates with the number of ligand binding sites occupied with the target
analyte over the total number of ligand binding sites. The target analyte associates and dissociates from the ligand
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in a dynamic equilibrium, and the fraction of analyte bound at the equilibrium is only dependent on the analyte
concentration and on the dissociation constant.

Hence, the dissociation of the target analyte is dependent only on the dissociation rate
constant and the time constant:

1

kOFF == (X|)

TOFF

The observable dissociation time constant tygr is therefore not dependent on the analyte
concentration. Moreover, the dissociation phase is always represented by the same
dissociation rate kygp, regardless of the duration of the association phase and therefore of the
surface saturation state (Figure A13).
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Figure A13. Example of a sensorgram of an interaction studied on switchSENSE® biosensor surface. In this example,
a DNA-DNA interaction was studied by immobilizing a DNA ligand of 9bp and injecting a DNA analyte of 7bp at
increasing concentrations (from 30nM to 500nM). The association rate and dissociation rate are studied with
single-exponential functions as described above.

The binding model explained above describes the simplest cases, where one type of target
analyte interacts with one type of surface-bound ligand (1:1 interaction or binary interaction).
However, in nature exist more complex cases with multivalent interactions, e.g. bivalent
antibody binding to two target antigens at the same time. For instance, molecules that are able
to interact with two different binding partners, are referred to as bispecific molecules (ternary
interaction), which are often described by mono or biphasic associations and biphasic
dissociations. Nevertheless, even more complex situations can occur, and it is important to
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select the fit model based on a scientific hypothesis, and test this hypothesis against the
experimental data.

In a classic bispecific case, equation (X) can be expanded to take into account more than one
dissociation:

f@®) =a;- exp{_kOFF,l ' t}
+ az ' exp{—kopF,Z - t}
+... (X11)

The amplitudes describing these kind of interactions (a4, a,,...) reflect the contributions of each
dissociating species to the full dissociation curve, e.g. biexponential binding curves are the sum
of two monoexponential curves with distinct amplitudes (Figure A14).
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Figure A14. Kinetics of bispecific analytes described by biphasic dissociations are characterized by a fast-
dissociating and a slow-dissociating populations of the bispecific analyte. This biphasic dissociation is described by
two distinct amplitudes, reflecting the contribution of each dissociating species. Adapted from [12].

The interaction of bispecific analytes with their ligands is described by two distinct binary
interactions (Figure A15). The coexistence of two interactions can result in an increased
apparent affinity, usually called avidity, and increased target residence time [13]. This is due to
the fact that when a bivalent molecule forms the first binary interaction, this could engage and
trigger the formation of the second binary interaction with the second target, which is in close
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proximity of the biosensor surface (Figure A15), leading to a ternary complex. Therefore, it is
extremely important to discriminate between the single affinity of each binary interaction from
the avidity resulting from the ternary complex interaction, and in addition to distinguish the
avidity from the classic rebinding artefacts.

UNBOUND BINARY TERNARY

; BIOLOGICALLY
3 ACTIVE
|

Figure A15. Bispecific analytes can interact with two different ligands at the same time. Their interaction is
therefore described by two distinct binary interactions with both ligands, giving rise to a ternary interaction.
Adapted from [12].

Another crucial parameter to consider in studying kinetics with surface-based technologies is
the effect of the mass transport limitation (MTL) [14], that can lead to a difference in the
concentration of the analyte in the flow and close to the surface (Figure A16). The more ligand
binding sites are present on the surface, the more effective the analyte mass transport needs
to be in order to replace the analyte drawn to the surface. Analyte molecules can diffuse only
when they are not bound; therefore, their effective diffusion on the surface is slower than the
diffusion in the solution flow. This results into analyte concentration gradients, that can affect
the resulting binding kinetics: the association rate constant kow is slower than the true kon, and
the dissociation rate constant kogr is slower than the true korr. The MTL effect is easy to be
visually recognised, since the binding curves (both in association and dissociation) are better
described by a simple linear fit, rather than a first order exponential fit. Working at low ligand
densities highly prevents this rebinding artefacts due to overcrowding surface [15],
circumventing the MTL effect. In addition, working with high flow rates helps on making more
effective the transport and removal of the analyte on the surface, preventing MTL effect.
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Figure A16. Measurements artefacts can include mass transport limitations given by a different analyte diffusion
on the surface compared to the flow, and by rebinding effects of the analyte when the ligand density is too high.

Based on these considerations, it is clear how important is to properly study the full real-time
kinetics with the relative association and dissociation rates (kony and korr), and not only the
affinity at the equilibrium (Kp), since molecular complexes that are characterized by a similar
binding strength might have completely different kinetics and rates of formation and
disruption.

In conclusion, when studying the binding kinetics of molecular interactions with surface-based
methods, it always important to work in the proper range of analyte concentrations and pay
attention to artifacts that can occur when the experimental conditions are not chosen
properly, such as high ligand density or slow flow rate, which can heavily impact the estimated
association and dissociation rates, and as consequence the binding affinity.

All the kinetics measurements studied and presented in the previous chapters have been
analyzed with switchANALYSIS software (Dynamic Biosensors GmbH) or heliOS software
(Dynamic Biosensors GmbH), that provide different data analysis options and kinetics fit
operations (described in appendix A3).

A2.3 Enzyme kinetics on a biosensor surface

Another complex case existing in nature regards the reactions catalyzed by enzymes. Enzymes
have the peculiarity to be able to convert substrate molecules into different product molecules
without being affected by the reaction itself, i.e. they are not consumed during the reaction
process. Enzymatic reactions do not follow the law of mass action [8,16], since the reaction
rate does not increase linearly with the substrate concentration, but it reaches a maximal
velocity at high substrate concentrations.

The first model developed to describe reversible enzymatic reactions was proposed by
Michaelis and Menten (1913), where the enzyme (E) first forms a complex (ES) with the
substrate (S), that can then form the product (P) releasing the enzyme:
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cat
E+S & ES— E+P (XII1)

kOFF

where the rate of ES formation is described by an association rate kyy that can reversibly
dissociate with a dissociation rate kyrr, and the rate of product formation (or catalytic rate) is
described by k.4

In this first model, it was assumed that the substrate reaches an instantaneous equilibrium
with the complex (equilibrium approximation):

kon[SIIE] = korr[ES] (XIV)

Andsince E + ES = E|, it is possible to formulate:

_ [EollS]
[ES] = ot [5] (XV)

Where Ks is kopr/kon. Therefore, the velocity (V) of the reaction, or the rate of product
formation, is obtained by:

— M — — kOFF[EO][S] _ Vmax[s]
V= dt kearlS] = Ks+[S] ~  Ks+[S] (xvi)

And Viaxe = k2[Ep] is the maximum reaction velocity, reached when all the enzyme is in
complex with the substrate (that is, at saturating concentration of substrate). At [S] = K, the
reaction rate is at half of the maximum.

In 1925 Briggs and Haldane proposed a different way to analyze the enzymatic reactions, taking
into consideration a guasi-steady-state approximation. In this model, the rates of formation
and dissociation of the ES complex were essentially equal at all times. Therefore, d[ES]/dt
should be approximately zero. Through some rearrangements of equation (XVI), they
introduced the Michaelis-Menten law:

oo APl dlS] _ KeatlBollS] _ VimaxlS) i
dt dt [S1+Kpy [S]+Kpy
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korF + Kcat

where the constant Ky, = .
ON

As with the law of mass action, the Michaelis—Menten law (XVIl) is not universally applicable
but is a useful approximation.

Being switchSENSE® a DNA-based surface technology, it is an ideal system to study enzymatic
reactions [17], since DNA ligands are embedded in the biochip surface (Chapter 1, section
1.4.2). The presence of a fluorescent dye at the distal end of the DNA nanolevers provides
information on the distance of the dye from the gold surface, thus acting as a molecular ruler,
since the proximity to the surface provokes quenching of its fluorescence [18]. Therefore, by
measuring the emitted fluorescence intensity, it is possible to analyze in real-time the DNA
elongation activity of DNA polymerases upon deoxynucleoside triphosphates (dNTPs)
substrate injection (Figure A17). Upon the addition of dNTPs substrate to the polymerase-DNA
complex, the recorded fluorescence intensity increases significantly. This is thanks to the
elongation of the primer DNA by using the ligand strand as a template. The polymerase
converts the upper part of the DNA from a flexible single-stranded DNA to a more rigid double-
stranded DNA, thereby effectively moving away the dye from the fluorescence-quenching
surface.

e 100% elongation

Fluorescence

0% elongation

/

Figure A17. The DNA elongation activity of DNA polymerases can be studied with the molecular ruler strategy. The
presence of the fluorescent dye on the top of the ligand strand allows to infer its distance from the surface,
therefore correlating the increase in fluorescence with the DNA elongation. The ligand on the biochip surface can
be used as a template for the elongation of the primer DNA by the DNA polymerase upon the injection of dNTPs.

In chapter 4, the DNA elongation activity of the Taq Polymerase (Pol) upon dNTPs injection is
experimentally described and correlated to the increase in fluorescence change. The kinetic
parameters to characterize the enzymatic reaction are extracted and elaborated by using a
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Michaelis-Menten model for nucleotide incorporation by a DNA Polymerase described by
Walsh and coauthors [19].

Here below, the theory behind the kinetic calculations will be briefly explained. To describe a
polymerase reaction, equation (XIll) can be formulated as:

Pol - DNA, + dANTP = Pol-DNA, - ANTP — Pol+ DNA,,, + PPi (xvil)

where Pol - DNA,, is the Polymerase-DNA primer/template complex, Pol - DNA,, - dNTP is
the complex formed by Polymerase, DNA and dNTP substrate, and Pol + DNA,,, is the one-
base extension product. As in equation (XIII), the complex formation is reversible and described
by association rate kyy and dissociation rate kypr, and the rate of product formation is
described by k4. Association and dissociation of nucleotides are faster than the chemical
reaction step [20], with a dissociation constant (Kp) equal to [Pol - DNA,][dNTP]/[Pol -
DNA,, - ANTP]. The rate of product formation is then given by:

d[poz+czl>tNAn+1] _ (klzat) [Pol - DNA,][dNTP] (XIX)
D

Since the total enzyme is conserved, it can be formulated:

[Pol - DNAl;oras = [Pol-DNA,] + [Pol - DNA, - dNTP] + [Pol + DNA,,,]
(XX)

Using equation (XX) and assuming large excess of dNTP used, the equation (XIX) can be solved
to obtain the concentration of extension product as a function of time:

keqt[dANTP]

[Pol + DNA,1] = [Pol- DNA],pray {1 - e‘[Kw[dNTPJ]t} (XXI)

[Pol + DNA,, ] is linearly proportional to the fluorescence change increase (Figure A18). The
values are plotted as a function of time and fitted to equation (XXI) using a nonlinear least-
squares regression method to extract the observed reaction rate constant (k,ps):
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Figure A18. DNA elongation activity of a Polymerase described by fluorescence change increase as a function of
time upon increasing concentrations of dNTP. Each curve is analyzed to obtain the observed reaction rate constant
kobs.

In equation (XXI), the observed reaction rate constant is given by:

kovbs = keat[dNTP]/(Kp + [dNTP]) (XXH)

By plotting the k,ps values as a function of nucleotide concentration and analyzing the curves
using equation (XXII), the dNTPs substrate dissociation or affinity constant (Kp) and enzyme
turnover number (k.q¢) are determined (Figure A19). Given that Ky, = (kopr + kcar) /kon, it
is possible to consider Kp= K, if rapid equilibrium of nucleotide association and dissociation
is assumed (kopr >> keq) [19].
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Figure A19. The DNA elongation activity of the polymerase is characterized in terms of catalytic rate (kcat) and
substrate affinity (Kp), values that are extrapolated by plotting the observed rate as a function of nucleotide
concentration.

The study of enzyme kinetics, such as polymerases, are defined by complex mechanisms of
binding and activity; however, switchSENSE® technology, with its DNA-based biochip, allows
the study in real-time of these dynamic and complex mechanisms. Indeed, the most important
parameters that describe the enzyme kinetics, such as kon, korr, keat, Ko and Ky, can be resolved
and analyzed with common and well-known kinetics equations. Nevertheless, some important
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assumptions must be taken in consideration for the interpretation of the experimental results,
as visually summarised in Figure A20, and listed below:

e the total enzyme concentration bound to the DNA is constant, and that the enzyme
associates and dissociates to the DNA ligand in a rapid equilibrium;

e the substrate concentration injected over the surface is constant;

e the catalytic reaction of product formation is irreversible;

e the effects of allostericity and cooperativity of eventual multi-domains of an enzyme
complex are neglected.

iii. [S]y=constant

A T v. Rapid
G C equilibrium ‘
A - i. [E]; = constant
C G A
@‘;-A

iv. No allostericity

or cooperativity [ ii. Irreversibility

Figure A20. Surface-based technologies necessitate measurements conditions that in turn require assumptions
and approximations for the interpretation of the results. In the case of enzyme kinetic measurements, those
fundamental assumptions are: i) the concentration of the enzyme must be constant, as well as iii) the flux
substrate concentration, ii) the reaction must be irreversible and directional, iv) no allostericity or cooperativity
effect are considered and v) a rapid equilibrium between association and dissociation of the dNTPs is
considered.
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A3. Kinetic Fit Operations

The heliOS software (Dynamic Biosensors) offers a range of binding kinetics fit models for one-
to-one and biphasic interactions [21]. The fit models are listed below sorted by increasing
complexity (number of free fit parameters). It is usually better to preselect the fit model based
on a scientific hypothesis, and then test this hypothesis against the data. In case of multiple
possible fit models, the choice is based on the goodness of fit measures (Chi-squared and
information criteria).

A3.1 One-to-one kinetics
A3.1.1 Continuous amplitude

The Continuous Amplitude binding model is the standard model that describes binary
interactions (1:1 interactions). The Continuous Amplitude describes kinetics that have the
same signal amplitudes in the association phase and in the dissociation phase. This model
forces the fit to return to baseline.

Kinetics - Continuous Amplitude

signal

Figure A21. 1:1 interaction fit model: Continuous Amplitude. Adapted from [21].

A3.1.2 Free amplitudes

The Free Amplitudes is the binding model that describes 1:1 interactions that have different
amplitudes in the association phase and in the dissociation phase. The Free Amplitudes
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describes kinetics of analytes that do not dissociate completely during the measurement time.
This model allows for a remaining offset from baseline to infinite (att — ©0).

Kinetics - Free Amplitudes

signal

Figure A22. 1:1 interaction model: Free amplitudes. Adapted from [21].

A3.1.3 Time constants

The Time constants is the binding model that describes 1:1 interactions where association and

dissociation rates are uncoupled and expressed in terms of time constant. This model allows
for a remaining offset from baseline to infinite (att — o).

Kinetics - Time Constants

signal

Figure A23. 1:1 interaction model: Time constants. Adapted from [21].
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A3.1.4 Discontinuous

The Discontinuous model is the binding model that describes 1:1 interactions and it allows for
a jump at the association-dissociation transition. This model allows for a remaining offset from
baseline to infinite (att — o0).

Kinetics - Discontinuous

signal

time

Figure A24. 1:1 interaction model: Discontinuous. Adapted from [21].

A3.2 Monophasic association — biphasic dissociation kinetics

A3.2.1 Continuous amplitude

The Continuous Amplitude model describes kinetics that have the same signal amplitudes in
the association phase and in the dissociation phase. The Monophasic association and biphasic
dissociation - Continuous Amplitude binding model is the model that describes interactions of
analyte binding in a monophasic way during association, but dissociating in a biphasic manner.
This model forces the fit to return to baseline.
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Kinetics - Mono & Biphasic - Continuous Amplitude

signal

Figure A25. Monophasic association and biphasic dissociation model: Continuous Amplitude. Adapted from [21].

A3.2.2 Free amplitudes

The Free Amplitudes is the binding model that describes interactions that have different
amplitudes in the association phase and in the dissociation phase. The Free Amplitudes
describes kinetics of analytes that do not dissociate completely during the measurement time.
This model allows for a remaining offset from baseline to infinite (att — o).

Kinetics - Mono & Biphasic - Free Amplitudes

AOI]

signal

Figure A26. Monophasic association and biphasic dissociation model: Free amplitudes. Adapted from [21].
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A3.3 Biphasic kinetics
A3.3.1 Continuous amplitude

The Biphasic model - Continuous Amplitude is the model that describes interactions of analyte
binding in biphasic way during both in association and dissociation phases. The Continuous
Amplitude biphasic model describes kinetics where dissociation amplitudes are equal to the
respective association amplitudes at the association-dissociation transition. In the example
below, the association signal saturates, and so the dissociation amplitudes are equal to the
respective overall association amplitudes (for t — ). This model forces the fit to return to
baseline.

Kinetics - Biphasic - Continuous Amplitudes

signal

Figure A27. Biphasic kinetics model: Continuous amplitude. Adapted from [21].

A3.3.2 Continuous total amplitudes

The Biphasic model - Continuous total amplitude is the model that describes interactions
where the total dissociation amplitude is equal to the sum of the association amplitudes at the
association-dissociation transition. The Continuous Amplitude biphasic model describes
kinetics where the relative dissociation amplitudes are independent from relative association
amplitudes. This model forces the fit to return to baseline.
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Kinetics - Biphasic - Continuous Total Amplitude

signal

Figure A28. Biphasic kinetics model: Continuous total amplitude. Adapted from [21].

A3.3.3 Free amplitudes

The Free Amplitudes is the binding model that describes interactions that have dissociation
amplitudes independent from the association amplitudes. The Free Amplitudes describes
kinetics of analytes that do not dissociate completely during the measurement time. This
model allows for a remaining offset from baseline to infinite (att — o).

Kinetics - Biphasic - Free Amplitudes

signal

time

Figure A29. Biphasic kinetics model: Free amplitudes. Adapted from [21].
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