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Abstract
The last decade has witnessed how instrumental development has pushed the limits of singlemolecule biophysics. An effort has been made in combining force spectroscopy and fluorescence microscopy giving rise to a range of sophisticated setups that permit manipulating
biomolecules at the same time they can be visualized by tagging them with fluorophores.
In this thesis, we have combined Magnetic Tweezers and Total Internal Reflection Fluorescence (TIRF) microscopy. This combination resulted in a system that allows applying a controlled force over several DNA molecules while their interactions with fluorescently labelled
proteins are simultaneously visualized. This dissertation provides descriptions of both techniques, as well as details on the design, construction and characterization experiments of
such a hybrid setup. Our apparatus has also incorporated multistream laminar flow technology for a precise fast exchange of reagents in the sample.
The setup has been applied to the study of the binding and condensation mechanisms of
the protein ParB from Bacillus subtilis. ParB is involved in the segregation apparatus of low
copy number plasmids and it is a model for chromosome segregation in many bacteria. Although its role in DNA condensation by network formation mechanism has been previously
described, its binding mechanism remained elusive. This thesis has contributed to understand its DNA binding as well as the role of the C-terminal domain (CTD) of the protein
in DNA condensation inhibition. Our novel experimental approach evidenced the dynamic
nature of ParB showing a fast exchange between DNA-bound ParB and protein in the surrounding media. Additionally, our study of the effect of the CTD of ParB in binding and
condensation allowed us to validate a model in which the CTD of ParB blocks ParB network
formation by heterodimerization with the full-length protein, which remains bound to the
DNA.
A similar combined setup has been applied to the study of Cascade from Streptococcus
thermophilus under the supervision of Prof. Dr. Ralf Seidel at Universität Leipzig, during a
three-month predoctoral internship. The CRISPR-Cas systems are RNA-protein ribonucleoprotein complexes that constitute an adaptative immunity system which protects prokaryotes from foreign nucleic acids. The dynamics of the so-called R-loop formation has been
studied at the single-molecule level, but the experimental approach lacked a characterization
on protein binding or conformational changes prior to R-loop formation. In the present research work we aim to obtain correlated Magnetic Tweezers and fluorescence data to provide
insight in the binding mechanism of Cascade. Although preliminary, results presented here
helped towards the obtention of correlated measurements, which demonstrated that R-loop
formation takes place almost instantaneously after Cascade binding.
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Resumen
La última década ha permitido superar los limites de la biofísica a nivel de molélcula individual y ha abierto nuevos horizontes por medio del desarrollo instrumental. Los esfuerzos
se han centrado en combinar espectroscopía de fuerzas y microscopía de fluorescencia, lo
que ha dado lugar a una serie de equipos sofisticados que permiten manipular biomoléculas
al mismo tiempo que se pueden visualizar al etiquetarlas con fluoróforos. En esta tesis se
han combinado Pinzas Magnéticas y microscopía de Fluorescencia por Reflexión Total Interna (TIRF). Esta combinación ha dado como resultado un sistema que permite aplicar una
fuerza controlada sobre varias moléculas de ADN al mismo tiempo que visualizamos cómo
proteínas marcadas fluorescentemente interactúan con ellas. Esta tesis proporciona descripciones de ambas técnicas, así como detalles sobre el diseño, construcción y experimentos de
caracterización de dicho equipo híbrido, el cual también lleva incorporada tecnología de flujo
laminar multicanal para un intercambio rápido y preciso de reactivos en la muestra.
El equipo se ha aplicado al estudio de los mecanismos de unión y condensación de la
proteína ParB de Bacillus subtilis. ParB está involucrada en el sistema de segregación de
plásmidos de bajo número de copias y es un modelo para la segregación de cromosomas en
muchas bacterias. Aunque su mecanismo de condensación de ADN por medio de formación
de redes se ha descrito anteriormente, su mecanismo de unión sigue siendo desconocido. Esta
tesis ha contribuido a entender su unión al ADN, así como el papel del dominio C-terminal
(CTD) de la proteína en la inhibición de la condensación del ADN. Este novedoso enfoque
experimental ha evidenciado la naturaleza dinámica de ParB, que muestra un intercambio
rápido entre ParB unida a ADN y proteína libre. Además, este estudio del efecto del CTD de
ParB en la unión y la condensación ha permitido validar un modelo en el que el CTD de ParB
bloquea la formación de la red ParB por heterodimerización con la proteína completa, que
permanece unida al ADN.
Un equipo combinado similar se ha empleado en el estudio de Cascade de Streptococcus thermophilus bajo la supervisión del Prof. Dr. Ralf Seidel en la Universidad de Leipzig,
durante una estancia predoctoral de tres meses. Los sistemas CRISPR-Cas son complejos ribonucleoproteína de ARN-proteína que constituyen un sistema de inmunidad adaptativa que
protege a los procariotas de los ácidos nucleicos exógenos. La dinámica de la formación de
los llamados ‘R-loop’ ya se ha estudiado a nivel de molécula individual, pero dicho enfoque
experimental carecía de una caracterización de la unión de la proteína o de los cambios conformacionales previos a la formación del ‘R-loop’. En el presente trabajo de investigación,
el objetivo es obtener datos correlacionados de Pinzas Magnéticas y fluorescencia para proporcionar información sobre el mecanismo de unión de Cascade. Aunque preliminares, los
resultados aquí descritos han ayudado a obtener medidas correlacionadas, lo que ha demostrado que la formación del ‘R-loop’ tiene lugar casi instantáneamente después de la unión de
Cascade.
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Introduction
In the present days, deciding which problem to focus in and at which level, is still a difficult
question for a scientist, because we are surrounded with many and beautifully complex problems which can be addressed in multiple ways. This thesis, focused in molecular biophysics,
lies in an overlap between two thrilling fields: Physics and Biology.
Physicists are focused in the study of matter and energy. The field of physics has come a
long way since the XVIIth century, back in the times of Galileo, through modern physics in
the XXth century, where quantum mechanics were established, to nowadays. Interestingly,
the last decades have provided us with amazing discoveries in both Physics and Biology.
In fact, the advance of technology has permitted to answer questions and unravel findings
which were not addressable before. From the big scale, i.e. gravitational waves detection
[Abbott, 2016] to atomic scale, such as picking a single atom in Scanning Tunneling Microscope (STM) [Eigler and Schweizer, 1990, Ugeda et al., 2010]. Even at the sub-atomic scale, the
existence of the Higgs boson, or at least a strong candidate, has been proved recently [Aad,
2012, Chatrchyan, 2012, Sirunyan, 2018].
On the other hand, Biology studies living organisms. The most well-known contribution to modern biology was perhaps Charles Darwin’s "On the Origin of Species", and yet
astonishing discoveries have taken place in recent times, such as the Polymerase Chain Reaction (PCR) [Mullis et al., 1986, Saiki et al., 1988], considered the basis of modern molecular
biology. By the end of the XXth century, scientists achieved the sequencing of the whole
human genome (Human Genome Project) [Consortium, 2004] and the beginning of the current century has provided us with cutting-edge genome editing tools based on CRISPR-Cas9
technology [Ran et al., 2013, Doudna and Charpentier, 2014].
Biophysics, standing at the overlap of both disciplines, aims to decipher the physics behind biological phenomena, such as the forces and energies that drive biological systems and
biochemical reactions. As pointed out in Erwin Schrödinger’s "What is life?", understanding
living processes is undoubtedly appealing for a biophysicist. For that, this thesis has taken
a reductionist approach by studying proteins, DNA, and the interaction between them. In
particular, this work is focused on technical developments for the advance of understanding
DNA:protein interactions.
On one hand, DNA contains all the genetic information for all living organisms, and is
also in charge of its hereditary transmission. On the other hand, proteins perform numerous
functions in living organisms, such as catalyzing reactions and transporting molecules. Both
types of molecules (and many others) comprise the complex cell machinery, and the cell
is considered the basic unit of life. Inside a cell, numerous DNA:protein interactions are
involved in the majority of vital processes, such as the regulation of gene expression, as well
as DNA replication, DNA repair and transcription [Von Hippel and McGhee, 1972, Rooman
and Wintjens, 2015]. Understanding DNA itself and the way in which genetic information is
faithfully kept by the action of proteins are of vital importance.
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Figure 1: Scales of magnitudes relevant for DNA:protein interactions. Force, length,
energy and time are put in the context of other known quantities. Adapted from [Miller et al.,
2018].

The scenario of DNA:protein interactions studied in this thesis takes place at the nanoscale, this is, down to the nm (10−9 m) length-scale. The physics under processes at the
nanoscale comprises forces of the order of nN-pN (10−9 − 10−12 N). Time scales depend
on a vast range of processes, although typical ones are in the order of ms-s. Consequently,
energy scales are completely different to those of the macroscale, in the scale of thermal
fluctuations (KB T ∼ 10−21 J), as depicted in Fig. 1. Besides, in the chemical context, concentrations inside a cell are around µM in the case of Bacteria, a large domain of prokaryotic
microorganisms to which the two bacteria employed in this thesis belong. [Milo, 2013].
The single-molecule (SM) techniques developed and employed in this work are perfect
to address measurements on DNA and DNA:protein interactions because they are capable of
monitoring changes in extensions and forces in the relevant scale with ms resolution [Deniz
et al., 2008]. Furthermore, the real power of SM techniques is the possibility of studying
individuals over the ensemble, while retrieving statistically relevant information, contrary
to what happens in bulk measurements. An analogous example of the difference between
SM and bulk measurements in real life would be to walk through a maze with many possible
ways towards the exit (see Fig. 2). A walker could take several pathways, having traveled
different distances in different times (as SM methods), and yet an average route will lead the
walker towards hitting a wall (as in bulk measurements), which does not reflect any of the
correct pathways.
The field of single-molecule biophysics is highly interdisciplinary, combining knowledge
from physics, chemistry, biology, computational methods and engineering, among others.
This requires that different disciplines cooperate together to give rise to new and exciting
biological questions and the proper methods to address them. Raising new questions undoubtedly leads to breaking technical limits, which leads to instrumental development. The
beauty behind relating instrumental development to the study of biological problems is that
it is a cyclic process. For example, trying to gain detailed insights in a particular protein
structure, mechanics or dynamics, requires better spatial and/or temporal resolution and
achieving this can lead to understanding mechanisms never observed before which can be a
subject of further questioning.
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1. The history of biophysics: towards single-molecule approaches

Figure 2: Macroscopic example of a limitation of averaging in bulk techniques. This
maze has many pathways towards several exits, but averaging the path of two walkers (red and
green) leads to hitting a wall (black).

In the following sections, the reader will be guided through the rationale of developing and applying single-molecule methods based on force spectroscopy and fluorescence
microscopy to the study of individual DNA molecules and their interactions with proteins,
from a historical and then a technical point of view.

1 The history of biophysics: towards single molecule approaches
Biophysics is a quite young discipline in science. The field emerged in the XIXth century,
related to the study of physiological and medical phenomena by using physical instruments
to measure electrical, thermal, mechanical and many other physical properties in living systems. Theses investigations were focused on studying tissues and organs, and have continued until the present days accompanied by the later developed molecular and cellular
biophysics [Bischoff, 1995].
It was not until the 1940s, coincident with the increasing impact of molecular biology,
when biophysics, at least partially, started to evolve towards a molecular level. Research carried out during the 40−50s resulted in groundbreaking advances in structural and molecular
biology such as Watson and Crick’s 1953 model of DNA [Watson and Crick, 1953] and the
first molecular biology programs in the US leaded by W.T. Astbury, Max Perutz and Linus
Pauling, being the latter the first one in describing alpha helices for proteins [Pauling et al.,
1951]. It is also contemporary to the publication Erwing Schrödinger’s "What is Life?", which
encouraged many physicists, specially crystallographers, to move towards biology, amazed
by the complexity and the relevance of the biological molecules.
Historically, one could say that the first observation of single-molecules were the patch
clamp experiments, performed in the 70s by Erwin Neher and Bert Sakmann, for which they
obtained the Nobel Prize in 1991. The patch clamp technique consists in studying ionic
currents in membranes (i.e. from individual living cells) using a micropipette. In this way, a
single or few ionic currents can be measured [Kornreich, 2007].
Later in the 80s and 90s, the main force spectroscopy techniques, Atomic Force Microscopy (AFM) [Binnig et al., 1986], Optical Tweezers (OT) [Ashkin, 1970] and Magnetic
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Tweezers (MT) [Smith et al., 1992, Strick et al., 1996] were developed (see Section 3.1). Magnetic Tweezers, the force spectroscopy technique employed in this thesis, marked a major
advance due to its ease of implementation and straightforward parallelization. These technical developments were accompanied by the discovery of DNA overstretching in 1990 [Smith
et al., 1992].
On the other hand, the development of fluorescence microscopy, began in 1900 when
Otto Heimstaedt and Heinrich Lehmann developed the first fluorescence microscope as an
outgrowth of the UV microscope. Then, in the decade of the 1910s, early fluorescence microscopes were developed and by the 20s, Carl Zeiss already started making them commercial.
It was not until the 70s when Thomas Hirschfeld detected fluorescent single molecules for
the first time, by tagging a single antibody with ∼ 100 fluorophores [Hirschfeld, 1976].
Another milestone in the history of fluorescence microscopy was the discovery of the
Green Fluorescent Protein (GFP). In 1962, Osamu Shimomura isolated GFP from the jellyfish
Aequorea victoria for the first time [Shimomura et al., 1962]. He obtained the Nobel Prize in
2008 together with Martin Chalfie, who was the first one expressing the coding sequence
of the protein [Chalfie et al., 1994]. GFP has ever since been a wide method for tagging
and detecting molecules by being fused to them, as well as the basis for other derivative
fluorescent proteins development [Shaner et al., 2005].
Total internal reflection fluorescence (TIRF) microscopy, the fluorescence technique employed in the framework of this thesis in particular, was introduced by Edmund J. Ambrose
in 1961 [Ambrose, 1956], but was later on fully developed by Daniel Axelrod on the late 70s
[Axelrod et al., 1983]. It will be overviewed in Section 3.2 in this chapter and fully explained in
Chapter 1. TIRF has also been the basis for advanced fluorescence techniques such as Förster
Resonance Energy Transfer (FRET) and many super-resolution methods [Huang et al., 2009].
This constant improvement and evolution of techniques has continued until the present
days, and is not stopping. Novel technical developments like Acoustic Force Spectroscopy
[Sitters et al., 2015], force spectroscopy based on centrifugal force [Halvorsen and Wong, 2010],
and super-resolution based fluorescence methods [Huang et al., 2009], make molecular biophysics and specially single-molecule approaches a state-of-the-art field.

2

Advantages of single-molecule techniques

Single-molecule techniques are a broad range of methods that permit measuring a wide variety of physical properties on a one-to-one molecular basis. In particular, the following
different molecular information can be obtained (see Fig. 3 Deniz et al., 2008]:
• Structural information: Many single-molecules methods are very useful to gain
information about structures (and structural distortion) by measuring distances, as
it is the case of force-based techniques with nm resolution, (see Table 1) and some
fluorescence methods, such as FRET, with sub-nm resolution.
• Position and/or movement: Fluorescence imaging methods permit tracking singleparticles, or single-molecules, and following their movement, which permits unravelling, for example, binding mechanisms.
• Forces and potentials: Force spectroscopy techniques allow determining forces exerted on molecules, which is crucial since forces play important roles in a vast range
of processes, from DNA organization to tissue morphogenesis. MT and OT can exert
down to sub-pN forces, while AFM forces are in the range of pN and above.
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Figure 3: Overview of several single-molecule methods. Main applications and strengths
for measuring molecular properties are indicated. Adapted from [Deniz et al., 2008].

• Dynamics: Depending on the observation time and the time resolution of the technique, single-molecule methods allow capturing the dynamics of proteins, such as
binding and unbinding, among others.
As any other technique, single-molecule methods have several advantages and drawbacks [Deniz et al., 2008, Neuman and Nagy, 2008].
The first indubitable advantage is the capability of measuring distributions over the average. This permits studying molecular heterogeneity and makes these methods unique in
the detection of rare species. Furthermore, they allow to measure dynamics, out of the equilibrium, without the need to wait to reach equilibrium, as in bulk techniques. Moreover,
single-molecule methods work at low concentrations, which not only prevents aggregation,
but also permits studying one or few copies of the biological system of interest.
However, single-molecule techniques are highly affected by noise, being Brownian noise
their fundamental limit. They are also affected by fluctuations (i.e. thermal fluctuations),
which renders variability to the measurements. In addition, some of this techniques are not
inherently high throughput, as Optical Tweezers for example, which can make the acquisition of statistics tedious.
In summary, single-molecule methods are very good complementary techniques to bulk
methods, which permit unraveling biological mechanisms in a unique way.

3 Main single-molecule techniques
The following section will provide an overview of the main single-molecule methods. These
are divided in two groups, force spectroscopy techniques (AFM, Optical Tweezers and Magnetic Tweezers, with an emphasis on the latter) and fluorescence microscopy techniques,
emphasizing TIRF microscopy.
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Spatial resolution (nm)

Optical tweezers

Magnetic tweezers

AFM

0.1 − 2

5 − 10

0.5 − 1

−4

−1

Temporal resolution (s)

10

Stiffness (pN nm−1 )

0.005 − 1

10−3 − 10−6

10-105

0.1 − 105

5 − 104

0.5 − 104

Force range (pN)
Displacement range (nm)

0.1 − 100

10

− 10

−2

10−3

10−3 − 102

10 − 104

0.5 − 5

100 − 250

Probe size (µm)

0.25 − 5

Typical applications

3D manipulation
Tethered assay
Interaction assay

Tethered assay DNA topology

High-force pulling
and interaction assay

Features

Low-noise and lowdrift dumbbell geometry

Force clamp
Bead rotation
Specific interactions

High-resolution imaging

Limitations

Photodamage
Sample heating
Nonspecific

No manipulation

Large high-stiffness probe
Large minimal force
Nonspecific

Table 1: Comparison of main single-molecule force-based techniques. Adapted from [Neuman
and Nagy, 2008].

3.1

Force Spectroscopy

The main force-based approaches consist on Atomic Force Microscopy (AFM), Optical Tweezers (OT) and Magnetic Tweezers (MT). The following sections will focus on a brief description
of each techniques, which are summarized in Table 1 [Deniz et al., 2008, Neuman and Nagy,
2008].

Atomic Force Microscopy
AFM is probably the most well-known of the three main force spectroscopy techniques. It
was invented by Gerd Binnig, Calvin Quate and Cristoph Gerber at IBM in 1986 [Binnig et al.,
1986]. In fact, Binnig received the Nobel Prize in 1986 together with Heinrich Rohrer for the
invention of the Scanning Tunneling Microscope (STM), precursor of the AFM. The AFM
soon became an ideal tool for biological applications due to the possibility of acquiring highresolution images in a biological environment by modifying the surface and manipulating
individual molecules.
The concept is very simple: the properties of a surface are investigated with a proximal
probe, resulting in a high resolution imaging tool (see Fig. 4). This technique allows mapping
a surface at sub-nanometer resolution by moving a sharp tip attached to a cantilever which
scans the surface of the specimen in both axis x and y. The tip interacts with the surface
deflecting the cantilever according to Hooke’s law. The deflection of the cantilever can be
detected by the reflection of a laser focused on the cantilever on a quadrant photodiode (QPD)
with sub-nm resolution.
The AFM can also measure inter- and intramolecular interaction forces with piconewton
resolution, if the cantilever is moved along the vertical direction perpendicular to the surface
(z). This is very commonly used to study unfolding and folding of polyproteins.
A very important advantage of the AFM is the simplicity in sample preparation, as well
as the ability to measure biological samples under near-physiological conditions, since im-
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Figure 4: Simplified scheme of an AFM. In imaging mode, a surface, with the sample of
interest deposited on it, is scanned by a cantilever with a very sharp tip. The interaction between
the surface and the tip can be monitored by measuring the deflection of the cantilever, which is
achieved by focusing a laser on it which is then detected by a quadrant photodiode (QPD).

ages can be taken in air or liquid [Moreno-Herrero and Gomez-Herrero, 2012]. On the other
hand, non specific interactions with the surface can lead to artifacts on the image.
Nowadays, high-speed AFM permits monitoring the dynamics of proteins and other
biological systems [Ando, 2018] and AFM has also been combined with fluorescence [Chacko
et al., 2014, Pippig et al., 2014, Bondia et al., 2017].

Optical Tweezers
Optical tweezers (or optical traps) were introduced by Arthur Ashkin in the 70s [Ashkin,
1970], for which he obtained the Nobel Prize in 2018 together with Gérard Mourou and Donna
Strickland. This versatile technique can exert forces up to 100 pN on micrometric particles
while simultaneously measuring the 3D displacement of the trapped particle (x, y and z)
with sub-nm accuracy and sub-ms time resolution, by means of optical images.

Figure 5: Simplified scheme of an OT setup. In this double trap system, polystyrene beads
are trapped in the diffraction-limited spot of a focused laser, while they are tethered by the
molecule of interest. This permits exerting forces and measuring the 3D displacements of the
beads.
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Optical traps are created by focusing a laser to a diffraction-limited spot with a high
numerical aperture microscope objective. This spot traps dielectric particles near the focus
by exerting a restoring force towards the focus, which can be considered as a harmonic
potential well. For small displacements (∼ 100 nm) from its equilibrium position the force
is linearly proportional to the displacement, and is approximated by a linear spring.
A vast range of particles can be trapped, from single cells to polystyrene microspheres
alone or linked to a molecule of interest, for example a biopolymeric molecule, as depicted
in Fig. 5. Setups comprise two traps as depicted in the figure but also a single trap, whereas
the other bead is suctioned by a micropipette. Additionally, setups combining OT and fluorescence are emerging nowadays and they constitute a versatile tool for single-molecule
measurements [Heller et al., 2013, Ganim and Rief, 2017].

Magnetic Tweezers
Magnetic Tweezers are the single-molecule force-spectroscopy technique employed in this
work and will be expanded in Chapter 1. MT were the last of these techniques to be introduced, in the decade of the 90s [Smith et al., 1992, Strick et al., 1996] and yet are the most
straightforward to implement.
The experiment consists on tethering a magnetic bead to the surface of a flow cell by
means of a molecule of interest (i.e. DNA), which can be manipulated using a pair of magnets.
Optical images are acquired by an inverted microscope, permitting to track the position of
the bead. The extension of the molecule, and the force the bead is subjected to, can be
determined from the bead’s coordinates.
Several reasons make MT a versatile single-molecule technique compared to optical
tweezers and/or AFM (see Table 1 and Figs. 4, 5, 6). First of all, they provide a constant force
field perpendicular to the surface that allows tethering several molecules in parallel which
is an indubitable benefit towards obtaining statistically relevant data. Additionally, MT are
commonly capable of exerting forces in the range of tens of pN. Besides, torque can be applied to the tethered beads, which is not possible in OT or AFM. These characteristics are
ideally suited to the study of enzymes related to nucleic acids (i.e. topoisomerases, helicases
and polymerases).

Figure 6: Simplified scheme of a MT setup. A superparamagnetic bead is tethered to a glass
surface, by means of the molecule of interest. A pair of magnets placed on top of the sample
permit exerting force and torque on the molecule.
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3.2 Fluorescence microscopy
Fluorescence microscopy consists on the activation of a fluorophore or fluorochrome to visualize the specimen of interest. Fluorophores absorb light of one or several specific wavelengths and this causes them to emit light of longer wavelengths. Generally speaking, they
absorb light in one color and emit it in a different one.
The spatial resolution of standard fluorescence imaging is around 150 nm for monochromatic light, while it has a ms temporal resolution. The spatial resolution is in fact limited by
light wavelength, except for super-resolution techniques, where it goes down to nanometric
resolution.
Fluorescence measurements can be performed in air or liquid but they have the disadvantage that the specimen of interest needs to be labelled with fluorophores, which may not
be trivial at all in many cases. As other optics based techniques, fluorescence microscopy
can suffer from chromatic and spherical aberrations, as well as astigmatism.
Commonly employed fluorescent probes are organic dyes (such as fluorescein and the
Alexa Fluor dye family), intercalant dyes when nucleic acids are imaged (such as YOYO and
Sytox), quantum dots (QD) and fluorescent protein-based fusion proteins, for example GFP
fusion proteins.
Standard fluorescence microscopy, also known as epifluorescence or epi-illumination,
has been overcome by confined-illumination based fluorescence techniques with enhanced
signal-to-noise ratio (S/N) such as TIRF or confocal microscopy.
In addition, a very precise measurement of distances has been achieved by FRET, where
the distance between a pair of fluorophores with overlapping excitation and emission spectra
(a donor and an acceptor) is interrogated by measuring the efficiency of the energy transfer
between the donor and the acceptor. This efficiency is inversely proportional to the sixth
power of the distance between both fluorophores, achieving sub-nm resolution.
Finally, novel super-resolution techniques, which rely on photoactivatable fluorophores
and their blinking properties, achieving a greater resolution than that limited by the wavelength of light. These include, among others, photo-activated localization microscopy (PALM),
stimulated emission depletion (STED) and stochastic and optical reconstruction microscopy

Figure 7: Simplified scheme of TIRF microscopy. Confined fluorescence excitation near the
imaged surface is achieved by illuminating the sample at an angle high enough to be totally
internally reflected.
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(STORM). Importantly, the Nobel Price in Chemistry in 2014 was awarded to Eric Betzig,
Stefan W. Hell and William E. Moerner for the development of super-resolved fluorescence
microscopy [Betzig et al., 2006, Klar et al., 2000, Dickson et al., 1996].

Total Internal Reflection Fluorescence microscopy
TIRF microscopy implementation is the main scope of the present thesis and a thorough
description of the technique will be given in Chapter 1, covering the theoretical basis and
technical aspects.
This fluorescence-based technique is widespread in cell biology and also in single-molecule imaging. In brief, a very confined illumination is achieved in the vicinity of the imaged
sample surface by totally internally reflecting an incident excitation beam (normally, laser
light). This is achieved for incident angles over the so called ‘critical angle’. The incident
light results in an evanescent wave that only excites fluorophores very close to the surface,
yielding a very high S/N ratio ( Fig. 7).

4

Combining manipulation by force and visualization by fluorescence

Combinations of single-molecule techniques are a very recent advance in the field of molecular biophysics, which dates back to early 2000s [Miller et al., 2018]. The strength of combining both force manipulation and fluorescence imaging approaches relies in the advantages
they already have separately, and compensates their flaws. However, these combinations
are not straightforward. There are several challenges in particular combinations, such as the
limited space around an optical microscope to integrate an AFM [Pippig et al., 2014, Chacko
et al., 2014], as well as the fact that AFM, in general, benefits of a high density of molecules
whereas fluorophores are ideally separated by more than the diffraction limit. Furthermore,
fluorescence excitation can interfere with the trapping laser in OT [Heller et al., 2013, Ganim
and Rief, 2017] or the cantilever laser of the AFM. Additionally, the autofluorescence of employed beads in combined MT and OT with fluorescence can hinder the detection of events.
Nevertheless, technical advances have made it possible to even have commercially available systems in particular cases, such as a combination of optical tweezers and fluorescence
microscopy.
In this thesis, force spectroscopy (MT) and fluorescence microscopy (TIRF) are combined. This instrumental work is carried out motivated by biological unknowns in the field
of bacterial chromosome dynamics. Specifically, we wanted to fully unravel the mechanism
and dynamics by which Bacillus subtilis ParB binds DNA and condenses DNA mediated by
the role of its C-terminal domain (CTD), motivated by previous MT work [Taylor et al., 2015,
Fisher et al., 2017]. To this end, we incorporated TIRF microscopy to our MT setup to visualize ParB at the same time we could manipulate single DNA molecules. In order to visualize
the DNA molecules perpendicular to the optical axis we implemented a lateral Magnetic
Tweezers module which pulls the molecules along the surface. A new microfluidic system
was coupled to the setup which allows measuring the kinetics of protein binding. This novel
experimental setup permitted us interrogating ParB binding and condensation mechanisms,
and is additionally beneficial to study DNA:protein dynamics.
This work is complemented by a three month internship in Prof. Dr. Ralf Seidel’s laboratory in Universität Leipzig, in which a similar MT-TIRF combined apparatus was used to
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investigate the binding of Streptococcus thermophilus Cascade aiming to gain more insight
in the CRISPR-Cascade system. Altogether, the instrumental developments presented here
have proved to be applicable to biological questions.

5

State-of-the-art and future challenges

As mentioned earlier, applications of single-molecule techniques in biology serves to highlight the current limitations, which is the driving force towards novel approaches trying to
overcome them [Miller et al., 2018]. This section aims to cover the next required improvements in the field.
First of all, while OT are a versatile tool because they exert high forces and they avoid
unspecific interactions with the surface, they have a big limitation in data acquisition because
molecules are studied one by one. An effort is being made to paralellize OT measurements,
which could be accomplished by the use of acousto-optical deflectors or scanning mirrors,
among others. In a similar way, multiple beams would be useful to decrease acquisition times
in super-resolution imaging.
Furthermore, current fluorescent probes suffer from limited lifetimes and photostability,
and their sizes are sometimes bigger than the system of interest. Advanced fluorescent probes
and labelling technologies still need significant input from chemists and biologists, since they
represent a critical challenge. New technologies such as fluorescent nanodiamonds with
enhanced lifetimes permit the advance of super-resolution fluorescence methods [Chung
et al., 2007].
Another important advance will be the management of high amounts of data as well
as their analysis, the so called Big Data. In the context of computer science, it is also very
interesting the use of molecular theory and molecular dynamics simulations, often called
in silico single-molecule methods, which can nicely complement experimental techniques,
together resulting in an enhanced understanding of the studied system.
Ultimately, the main goal would be to facilitate the use by non-specialists, making singlemolecule techniques more user-friendly and widespread across biologists. Many singlemolecule techniques are still limited to the use by technical experts (specially force based
techniques), which sometimes lack the expertise in biology. Fortunately, fruitful collaborations between experts in SM techniques and experts in biology lead to a better understanding
of biological systems, by complementing bulk techniques with SM expertise. Single-molecule
biophysics is still a young discipline which benefits from both instrumental development and
advances in biology. Even if the techniques were more widespread across the biological community, collaborative works will always push the progress in the field.
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The main objective of this thesis is the implementation of Total Internal Fluorescence Microscopy (TIRF) to Magnetic Tweezers (MT) to study DNA:protein interactions.
The specific objectives were:
1. The design and construction of a TIRF microscope on an existing MT setup, and the
subsequent characterization of the setup.
2. The implementation of a multistream laminar flow cell device and the performance
of characterization experiments.
3. The implementation and calibration of lateral magnets to stretch DNA molecules in
the visualization plane.
4. The utilisation of the setup to study proteins involved in DNA repair and chromosome segregation proteins, specifically, the DNA condensing protein ParB of Bacillus
subtilis.
5. The study of the system CRISPR/Cascade from Streptococcus thermophilus by correlated MT and TIRF measurements under the supervision of Prof. Dr. Ralf Seidel at
Universität Leipzig.
This manuscript is divided as follows:
• Part I includes an introduction to biophysics, single-molecule techniques and instrumental development.
• Part II encompasses the objectives of this thesis and the oultine of the chapters.
• Part III contains the results of the research carried out and is divided in two sections:
The 1st is devoted to the instrumental development results:
– Chapter 1 contains the process of implementing fluorescence to an already
running MT setup, as well as the characterization experiments.
– Chapter 2 is about the design of multistream laminar flow microfluidic cells
and the subsequent characterization experiments.
– Chapter 3 encloses the results of the characterization of forces in lateral MT.
The 2nd section describes the biological experiments:
– Chapter 4 encompasses the study of Bacillus subtilis ParB binding and condensation by combined MT and fluorescence measurements.
– Chapter 5 comprises the study of Streptococcus thermophilus CRISPR/Cascade
by combined torque and fluorescence measurements.
• Part IV includes the main conclusions derived from this thesis.
• Part V contains appendixes including material which does not belong in the main
text. Part designs, code and protocols can be found in this section.

III | Results
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1 | Implementing TIRF microscopy
to Magnetic Tweezers
1.1 Motivation
Single-molecule force spectroscopy methods (Atomic Force Microscopy − AFM, Optical
Tweezers − OT and Magnetic Tweezers − MT) have been proved to be valuable complementary tools to bulk techniques in biochemistry and molecular biology. Precisely, because
they distinguish different populations in the ensemble, they have made possible to unravel
mechanisms of enzymes like translocation of helicases [Carrasco et al., 2013, Kemmerich et al.,
2016a, Manosas et al., 2013], polymerase reaction [Wuite et al., 2000, Larson et al., 2011] and
conformations of enzymes such as structural maintenance of chromosome proteins [FuentesPerez et al., 2012, Eeftens et al., 2016]. In general, they are becoming essential tools to study
DNA interacting proteins. However, since specially in OT and MT only changes in DNA
length are measured, these methods can only infer the observation of enzyme binding along
a DNA molecule if it induces a change in DNA extension [Neuman and Nagy, 2008].
On the contrary, single-molecule fluorescence imaging techniques have recently allowed
to localize and even measure dynamics of fluorescently labelled proteins along a DNA molecule by super-resolution fluorescence measurements [Flors, 2013], DNA curtains [Visnapuu and
Greene, 2009] or FRET experiments [Kilic et al., 2018] among others, unraveling novel interaction mechanisms [Weiss, 1999].
These two approaches, based in force and fluorescence, have complementary features
from which simultaneous measurements would highly benefit [van Mameren et al., 2008]. In
fact, setups combining force and fluorescence have been already described in the literature.
Particularly, setups combining AFM and TIRF [Pippig et al., 2014] or super-resolution [Chacko
et al., 2014] have been already established. Novel apparatus combining optical tweezers
with epifluorescence [Ganim and Rief, 2017] and STED microscopy [Heller et al., 2013] are
widespread nowadays, and OT-Fluorescence setups are even commercially available (JPK
Instruments AG https://www.jpk.com/; LUMICKS B.V., https://lumicks.com/; Thorlabs Inc.,
https://www.thorlabs.de/). Setups combining MT and TIRF microscopy have also been described in the literature, but to a lesser extent [Cross et al., 2016, Schwarz et al., 2013, van
Loenhout et al., 2012, Oliver et al., 2011, Seol and Neuman, 2018, Guo et al., 2015, Lebel et al.,
2014].
As part of this thesis, we decided to combine MT and TIRF microscopy in a single setup
(MT-TIRF) because this two techniques complement each other in a way that enhances their
advantages and reduces their handicaps. MT allow to manipulate and to measure the length
of several single DNA molecules, as well as the force exerted on them, in parallel. At the
same time, simultaneously performed TIRF-microscopy provides the possibility of directly
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visualizing the DNA bound enzymes. For achieving this, it was necessary to implement
lateral MT that will be separately described and discussed in Chapter 3. This hybrid setup
allows correlating biological activity with positioning and stoichiometries of the proteins of
interest.
In the following sections, the basis of Magnetic Tweezers (MT) and Total Internal Reflection Fluorescence (TIRF) microscopy will be described. Then, the design and building process
of the combined MT-TIRF apparatus will be explained. Finally, characterization experiments
of the setup will be presented.

1.2

Magnetic Tweezers

1.2.1 Introduction
Basic MT consist of an inverted optical microscope equipped with a pair of magnets on top
of its sample holder, which is normally a microfluidic cell. In the cell, micron-sized magnetic
particles are used as force-probes attached to the molecule of interest, which tethers the bead
to a glass surface (Fig. 6). The generated magnetic field induces a magnetic moment in the
bead such that it experiences a force in the direction of the field gradient, perpendicular to
the surface. Multiple beads can be trapped in parallel, making MT a multiplexed technique,
in which the acquisition of statistically relevant data is facilitated. The optical microscope,
which could be commercial or custom built, is coupled to a charge-coupled device (CCD)
camera which records optical images of the beads. Magnetic tweezers can be used to manipulate, and importantly, exert torque on the molecule of interest. The capability of exerting
and measuring torque is unique to MT, among the force spectroscopy techniques.
From an instrumental point of view, MT are interesting because they are in general
custom-built, although they are commercially available from PicoTwist T.M. (http://www.pico
twist.com/). They comprise less and simple optical components compared to OT and/or AFM,
which also makes them affordable. The lack of need for a high power laser source also makes
them safer to be operated by the user compared with Optical Tweezers.
However, they suffer from some limitations, being the most important one the lower
resolution in both space and time (compared to OT). These resolution limits are being overcome by faster acquisition rates and GPU processing [Huhle et al., 2015, Dulin et al., 2015]. In
this sense, parallel measurements have also been taken to a next level by the development
of high throughput MT, considerably upgrading the technique [Berghuis et al., 2016].
Another feature, as mentioned in the previous section, is the fact that protein activity
must be inferred from changes in extension/turns which may limit the assays and mechanisms that can be studied with MT. A vast list of enzymes such as helicases [Levikova et al.,
2013], restriction enzymes [van Aelst et al., 2010], DNA repair proteins [Wang et al., 2018]
and DNA packaging proteins [Taylor et al., 2015, Vlijm et al., 2015a, 2017] are good candidates
for MT studies.
Improvements on higher forces have been achieved recently with smaller gaps in the
magnet heads, vertical configuration of the magnet with respect to the horizontal one [Lipfert
et al., 2009], the use of covalent surfaces [Eeftens et al., 2015] or HaloTag surface modifications
[Popa et al., 2016] for long time measurements and the employment of beads with higher
amounts of magnetic material (MagSense beads) [Lipfert et al., 2009]. Such experimental
advances have permitted, among others, to study protein folding and unfolding by using
MT, in a more parallelized way than AFM pulling [Valle-Orero et al., 2017].

24

1.2. Magnetic Tweezers
Further advances in the field have been done by the development of Freely Orbiting Magnetic Tweezers (FOMT) [Lipfert et al., 2011] and Magnetic Torque Tweezers (MTT) [Lipfert
et al., 2010]. These techniques take advantage of the capability of applying and measuring
torque which is genuine to MT, but they are beyond the scope of this thesis.

1.2.2

Experimental setup

Magnetic tweezers comprise a pair of magnets (normally NdFeB or rare earth) coupled to an
inverted microscope (see Fig. 1.1) placed on an optical bench, where the sample holder is a
microfluidic flow cell connected to a syringe pump. The setup can be built over a commercial
microscope although in the majority of cases the microscope is custom assembled [Carrasco
et al., 2013, Kemmerich et al., 2016a, Kriegel et al., 2018, Dulin et al., 2015, Seidel et al., 2004],
which gives freedom for further improvements. These include substitution of components,
changes in image magnification or combination with other single-molecule methods as we
will see later in this chapter.
The microscope consists in a Khöler illumination system with a LED (collimated), an oil
immersion objective and a tube lens which focuses the sample image in a detector, which is
ultimately coupled to a computer for image analysis. For fine adjustments of the focus, it is
necessary to have a piezoelectric material (piezo from now on), which is either coupled to
the objective holder or the micrometric stage where the flow cell holder is located.
The flow cell is typically composed of a gasket which is usually made of one or two layers
of paraffin wax film (parafilm) or double sided tape which sticks two coverslips together. One
of the coverslips is drilled so that the gasket creates a channel that serves for introducing,
DNA, proteins, buffer, etc. in the flow cell.
The typical sample in MT is a DNA molecule tethering a superparamagnetic bead to
one of the coverslips, although proteins have also been studied [Chen et al., 2015]. To anchor
the DNA to the bead and glass surfaces there are multiple options, but most common ones
are digoxigenin-antidigoxigenin (dig-anti-dig) and biotin-(strept)avidin (bio-strep) interaction. Beads labelled with streptavidin are commercially available and very widespread in the
community (Dynabeads, MyOne streptavidin) and anti-dig coated ones have to be in-house
coated. Regarding surfaces, polystyrene [Strick et al., 2000] or cellulose [Berghuis et al., 2016]
coated surfaces with absorbed antidigoxigenin are the most typical option, but biotin-PEG
surfaces are becoming more widespread in the field [Tanner and van Oijen, 2010], specially
for the suitability of the combination with fluorescence. More recently, as mentioned above,
even covalent attachments have been developed, and Halo-tag is also widely employed for
pulling proteins with electromagnetic tweezers, but since the work in this thesis is focused
in tethering DNA molecules in anti-dig and PEG surfaces, the reader can refer to aforementioned references for further details.
The DNA molecule is then labelled with biotins in one end and with digoxigenins on
the other one using either PCR fabricated DNA handles or labelled oligonucleotides.
In this configuration (see Fig. 1.1), the force sensed by the bead is:
1~
~
m
~ b · B)
(1.1)
F~ = ∇(
2
~ is the magnetic field. Variations in force have
where m
~ b is the magnetic moment and B
been described along the field-of-view, with a maximum variation of 24 %, which depends on
the magnet configuration and distance to the surface [De Vlaminck et al., 2012]. This force is
in practice constant in our setup, since we have a small field-of-view due to the magnification
of our objetive, as we have experimentally checked.
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As mentioned before, MT can also exert torque which is given by:
~Γ = m
~
~b×B

(1.2)

The MT measurements and data in this thesis will focus mainly in force measurements,
although rotations will be used for some characterization experiments and in Chapter 5.
In this thesis, two Magnetic Tweezers setups (both based on [Seidel et al., 2004] and built
by Dr. Fernando Moreno-Herrero) have been used. They differ from each other because the
first one (MT1) has had a TIRF microscope incorporation in the framework of this thesis
while the second one (MT4) has been built as an upgrade of the previously built MT1. The
reader can refer to section 1.4.3 for the Magnetic Tweezers parts description.

Figure 1.1: Scheme of a typical Magnetic Tweezers setup (figure is not to scale). It consists of a pair of magnets coupled to an inverted microscope connected to a computer. In this
case, the microscope is custom built by aligning an objective, a mirror and a tube lens focusing
the sample on a CCD camera. The sample holder is a flow cell (connected to a syringe pump)
where the molecule of interest (DNA in this case) is anchored to a surface coated with antidigoxigenin and to a superparamagnetic bead coated with streptavidin. Rotation and translation of
the magnets allow stretching and applying torque to the DNA.
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Figure 1.2: Physical model of a DNA tether and consequent DNA extension determination. (A) The tethered bead is considered to behave as an inverted pendulum under Brownian
fluctuations. Considering a small angle approximation, the force can be determined by the total
extension of the molecule (l) and the fluctuations of the coordinate perpendicular to the force
(dx). (B) Extension (l) can be determined from the center of a tethered bead to the center of a
reference bead located on the surface.

1.2.3 Determination of the DNA extension from the bead’s
coordinates in Magnetic Tweezers
MT experiments in this thesis consist of a double-stranded DNA (dsDNA) molecule anchored
to a glass surface tethering a superparamagnetic bead as depicted in Fig. 1.1 and Fig. 1.2. In
this section, guidelines will be provided for the determination of the DNA extension which
will lead to determining the force exerted on the DNA in the following section. Additional
discussion on this and including lateral MT is provided in Chapter 3. Note that even if dsDNA
will be alluded during this thesis as the sample molecule in MT, single-stranded DNA, RNA
or any protein or polyprotein of interest could be as well studied using MT.
From the optical images acquired by the computer, x, y and z coordinates of the bead
can be extracted which will be used for the DNA molecule extension (l) determination. This
can be done offline, but in the majority of the cases it is tracked in real time by algorithms
in the MT software. This permits the user to check that the bead is tracked properly, in the
absence of artifacts, and to change experimental settings if needed or desired. However, it is
more computationally demanding compared to offline processing.
To track the coordinates and also account for drift effects, two beads are used: one located on the surface serving as a reference and the other one tethered to the DNA molecule.
Taking advantage of the diffraction rings that are generated because the two beads are in
different focal planes and out of focus (see Fig. 1.3 A), x, y and z can be extracted.
The in-plane coordinates x and y are obtained from average profiles of intensities extracted from the optical images (see Fig. 1.1). In brief, selecting a region of interest (ROI)
around a bead and taking advantage of the symmetry of the image (because the bead is seen
as circular), cross-correlation functions of the intensity profiles along one axis are used. To
calculate the displacement of the bead from one frame to another, the algorithm compares
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the intensity profiles of two overlapping and consecutive images and calculates dx and dy
assuming radial symmetry. The reader can refer to [Gelles et al., 1988] for further details.
The axial coordinate z is extracted considering a mean radial intensity profile from the
center of the bead for different focal planes, corresponding to varying positions of the objective by moving the piezo Fig. 1.3 A. This calibration profile (known as look-up-table, LUT)
is obtained prior to every experiment. Assuming our DNA-bead system is like an inverted
pendulum (Fig. 1.2), comparing the z coordinate of a DNA tether to the z of the reference
one can directly obtain the extension (end-to-end) of the DNA molecule (see Fig. 1.2 B for
clarification) [Gosse and Croquette, 2002]. The accuracy of the extension measurement depends on the experimental setup, but also on the applied force. See, for example, Fig. 1.3
B where the trace is noisier at a force of 0.01 pN than at 4 pN, because at higher forces the
DNA is more stretched while the fluctuations of the bead are reduced.
A more realistic extension could be obtained correcting the measured extension as proposed by [Klaue and Seidel, 2009] to take into account that the DNA is very unlikely anchored
in the central axis of the bead. The reader is referred to Chapter 3, specifically to Fig. 3.3 for
a detailed discussion on this correction, although it does not dramatically affect extension
calculation in the mostly used beads along this thesis, with a 1µm diameter size.
The spatial resolution of this coordinate determination procedure depends on the magnification of the objective, the optics used and the number of pixels of the detector, among
others. In the setups used here, the spatial resolution in z which is the interesting coordinate for measuring changes in DNA extension in MT is around 5 nm for a reference bead
(adsorbed on the surface) at 120 Hz acquisition frequency.

1.2.4

Force calibration in Magnetic Tweezers using the
equipartition theorem

Considering the inverted pendulum system under Brownian fluctuations depicted in Fig. 1.2,
we can approximate that the bead will behave as a harmonic oscillator, and using equipartition theorem, we can state that:
1
1
kx hdx2 i = KB T
2
2

(1.3)

Because we are under a small angle (θ = dx
l ) approximation, the force can be approximated as F = Fmagnet θ, from which we can substitute F = Fmagnet dx
l which determines
an effective spring constant of kx = Fmagnet /l. By substitution and rearrangement in the
previous equation, this leads us to the expression:
Fmagnet =

KB T l
hdx2 i

(1.4)

To determine the force to which a molecule is subjected to, one simply needs to measure
the DNA extension (l) and the fluctuations (dx) in equilibrium conditions. To do so, extension
and fluctuations (calculated from the bead’s x, y and z as explained before) are recorded for
a sufficiently long time at different magnet positions. These measurements are recorded and
analyzed in real time using computer algorithms, so it is possible to obtain the extension of
the DNA, the corresponding force, and the associated magnet position at each instant. The
time resolution depends, among others, on the acquisition frequency and the illumination
system, and in our case is in the order of the ms.
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Figure 1.3: Extension determination and accuracy in our Magnetic Tweezers setup.
(A) A bead at different focal planes obtained by moving the objective out of focus with the piezo.
The more out of focus, the diffraction rings are bigger. (B) The xyz coordinates of a bead when
the DNA is pulled with a force of 4 pN, showing low fluctuations. (C) The xyz coordinates
of a bead when the DNA is pulled with a force of 0.01 pN, showing high fluctuations. The z
coordinate shows a baseline because it is bouncing on the surface, due to the low force.

In practice, the interest relies on knowing the average applied force at a certain magnet
position, which allows to directly control it. To this end, by tracking several DNA molecules
at certain magnet position, the force at each position can be averaged. This allows plotting
a force versus magnet position curve (Fig. 1.4 A) which is fitted to an exponential function
(empirical). This generates a calibration curve that has an error in force of around 10 %,
which mainly comes from the differences in the amount of magnetic material that commercial beads have. Additionally, the error is higher at lower forces because extension measurements are more dispersive. This is generally valid for most MT measurements; however, for
very sensitive measurements, molecules need to be calibrated one by one, to compensate for
differences in extension. These may be given by variations in the anchoring point of the
DNA on the bead (see Fig. 3.3 ) [Klaue and Seidel, 2009], variations in the amount of magnetic material from bead to bead [Lipfert et al., 2009], as well as variations in the magnetic
field along the field-of-view [De Vlaminck et al., 2012].
Because linear DNA molecules behave like a polymer, their force and extension can be
related by polymer-physics models. Specifically, the worm-like chain model (WLC) [Bouchiat et al., 1999, Marko and Siggia, 1998] is widely used in the field, which allows extracting
characteristic mechanical parameters of the molecule. The WLC model considers dsDNA as
an isotropic, semiflexible polymer which is being bent under Brownian motion. The charac-
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Figure 1.4: Calibration curves employed in Magnetic Tweezers. The force vs. magnet
position (left) for a 2 mm gap alluminum magnet head in vertical configuration fits to an empirical exponential. Measurements were performed using 0.5 µm diameter beads and λ/2 DNA
in 2-layer parafilm flow cells. The force vs. extension curve (right) of the DNA is fitted to the
WLC model, giving P = 40 nm and L = 8.1 µm. Errors are SD. n = 23 molecules were
measured.

teristic parameters of the model are the persistence length P , which is related to the stiffness
of the polymer, and the contour length L, which is the crystallographic length of the studied
molecule. In the case of a double-stranded DNA molecule in a MT experiment, extension
and force data are available for each magnet position, which allows obtaining a so called
force versus extension curve (Fig. 1.4 B). In this scenario, the expected theoretical values
are P = 50 nm and L = 0.34 nm/bp [Marko and Siggia, 1998]. These values are commonly
used as calibration parameters in MT, as a proof of proper performance. Experimentally,
lower values of P are generally obtained unless all the measured molecules are anchored in
the central axis of the bead and well centered in the field-of-view for optimal homogeneity.

1.2.5

Forces in the frequency domain and software corrections

Even though the force could actually be calculated in real space using the previously mentioned Equation 1.4, calculations are usually carried out in Fourier space. This is because
calibration in Fourier space is more accurate, being less affected by thermal drift and other
noise or error sources, such as the finite acquisition frequency of the detector.
In Fourier space, the variance is calculated by integrating the power spectrum P (w) of
the bead motion, through all positive frequencies [Wong and Halvorsen, 2006]:
Z ∞
1
2
P (w)dw
(1.5)
hdx i =
2π 0
P (w) = |X(w)|2 which is derived from taking the Fourier transform of the equation of
motion of the bead, with x(t) being the x position of the bead for a given time t.
A detailed description of how hx2 i is calculated using the power spectral density of the
bead fluctuations is given in the references [Gosse and Croquette, 2002, Carrasco and MorenoHerrero, 2011, Pastrana, 2017].
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It can be shown that this type of analysis is in agreement with the equipartition theorem
and the result obtained in direct space is recovered. Experimentally, this integral is determined within a finite bandwidth, between a high-frequency limit (half of the acquisition
frequency) and a low-frequency limit (the inverse of the data acquisition time). The cutoff
frequency of the system is found in between these limits and is defined as fc = wc /2π,
where wc = F/l6πηR, being F the exterted force, l the extension of the molecule, R the
radius of the bead and η the dynamic viscosity of the buffer.
These coordinate and force calculations are done in real time by the tracking algorithm in
our MT software, while also including corrections for camera blurring and aliasing artifacts,
which arise from finite camera acquisition frequencies and shutter time [Wong and Halvorsen,
2006, 2009].

1.2.6

Lateral Magnetic Tweezers

The combination of MT with fluorescence is the main scope of this thesis. In some fluorescence experiments that will be described hereafter, it is necessary to image what is happening
along a DNA molecule. Specially in TIRF microscopy (see next section), the excitation of the
fluorophores is confined in the vicinity of the surface by an evanescent wave. This visualization along the molecule cannot be achieved in conventional MT since the DNA is standing up
from the surface that will be imaged, in a way that it remains parallel to the optical axis (and
thus perpendicular to the TIRF illumination region). To achieve visualizing a complete DNA
molecule under TIRF microscopy, it was necessary to modify our conventional MT by incorporating a module for lateral magnetic pulling (lateral MT). The full technical description,
as well as the force calculation formalism and characterization of the system is presented
in Chapter 3 of this thesis, and in [Madariaga-Marcos et al., 2018a], to where the reader can
refer for further information.
An overview of the lateral MT for purposes of understanding some of the instrumental
developments and characterization experiments presented in this chapter is shown in Fig.
1.5. In brief, a pair of magnets come from one side of the flow cell instead of from the top
of it, stretching the DNA molecule along the flow cell surface, in the visualization plane,
permitting its observation by fluorescence.

Figure 1.5: Scheme of Lateral Magnetic Tweezers. A pair of magnets placed laterally instead
of centered in the optical axis stretch a DNA molecule on the glass surface of the flow cell, along
the visualization plane.
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1.3 Total Internal Reflection Fluorescence Microscopy
Total Internal Reflection Fluorescence (TIRF) microscopy is a useful technique to be combined with MT. It has a higher signal-to-noise ratio (S/N) compared to regular epifluorescence; this feature comes from the fact that TIRF is generated at an interface between two
media with different refraction indexes (i.e. glass and water), as in a MT microfluidic cell. The
physics, methods to generate TIRF, as well as advantages and drawbacks, will be described
in the following sections.

1.3.1 Theory and physical basis of TIRF
The critical angle
The confined illumination volume of TIRF microscopy relies on Total Internal Reflection
theory. This physical phenomenon happens in the interface of two isotropic media with
different refraction indexes (n1 and n2 ) where the first one is higher than the second (n1 >
n2 ). This is the case, for example, of glass and water, or water and air.
In this scenario, if an electromagnetic wave hits the interface between the two materials,
it will be partially refracted and partially transmitted (see Fig. 1.6), according to Fresnel’s
equations [Fresnel, 1866].
In dielectric media, one can relate the angles of incidence and refraction taking into
account Snell’s law (Equation 1.6):
sin θ2
n1
=
n2
sin θ1

(1.6)

In standard conditions, part of the incident light is reflected and part is transmitted (refracted). In total internal reflection conditions there is no transmitted component of light
(θ2 = 90°), so sin θ2 = 1. From this, we can calculate the critical angle (Equation 1.7) for
total internal reflection, given by:

Figure 1.6: Physical basis for Total Internal Reflection Microscopy. Below the critical
angle θc a fraction the incident light is reflected and a fraction transmitted. After reaching the
critical angle, all the light is reflected entering TIR, and generating an evanescent wave. Adapted
from [Wazawa and Ueda, 2005].
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Figure 1.7: Comparison between epifluorescence and TIRF. In EPI-illumination light is collimated which illuminates the whole sample (along the optical axis), while in TIRF the evanescent wave only reaches ≈ 100 − 200 nm, exciting only a few fluorophores close to the glass
surface.

θc = sin−1

n2
n1

(1.7)

For all incident angles θ > θc , the condition for total internal reflection is satisfied.
Note that the critical angle depends only on the isotropic media forming the interface. Furthermore, there are complex situations with thin layers at the interface, using conductors,
semiconductors etc, that can affect the critical angle [Axelrod et al., 1984, Axelrod, 1989].
We are going to focus in the specific case of silica glass (n1 = 1.52) and water (n2 =
1.333), which is the interface we have in our microfluidic cells used for MT. For this combination of isotropic media, we get θc = 61.7°.
The following sections are focused in the practical aspects of building a setup that
matches these criteria, but first the features of the evanescent wave generated by TIR are
going to be revised.

Exponentially decaying wave and the penetration depth
Counter-intuitively to the absence of a transmitted component, TIR generates an evanescent
wave (EW) that can penetrate in the second material of refraction index n2 . The evanescent
wave intensity decays exponentially with the distance from the interface Equation 1.8:
z
I(z) = I(0)e d
−

(1.8)

Where d is the penetration depth of the evanescent wave, which is defined as:
1
−
λ0
2
2
2
(1.9)
d=
(n1 sin θ − n2 ) 2
4π
Where λ0 is the wavelength of the incident light, θ the incident angle, and n the refractive index for each medium. Notice that for a specific wavelength, d is only affected by the
incident angle, and can be modified accordingly.
This exponential decaying feature of the evanescent wave, which permits accessing typically a few hundreds of nanometers from the glass surface, confers TIRF microscopy a much
higher signal-to-noise ratio (S/N) compared to regular EPI-illumination, as it is illustrated in
Fig. 1.7.
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Figure 1.8: Schemes of Prism-type TIRF vs. Objective-type TIRF (From [MartinFernandez et al., 2013]). The differences between both ways of generating TIRF can be seen in
Table 1.1

Polarization of the Evanescent Wave
The polarization of the incident light is affected when arriving at the interface between the
two materials, by means of a measurable longitudinal shift known as the Goos-Hänchen shift
[Axelrod et al., 1984]. This shift is perpendicular to the direction of propagation, in the plane
containing the incident and reflected beams (along the surface), and can affect the intensity
of the evanescent wave. However, this can be avoided by using circularly polarized light.
Circularly polarized light is also convenient since, in practice, fluorophores have different preferential orientations. Because generally fluorophores behave like dipoles [Sauer et al.,
2011], interacting with linearly polarized light would make them emit different intensities.
This could be confused with different distances from the surface, due to the very selective
illumination of the evanescent wave, and is easily avoided using circularly polarized light.

1.3.2

Methods to generate TIRF

There are two main methods to experimentally generate TIRF, by using a prism or an objective. In both cases it is necessary to have a collimated beam falling upon the sample,
although the obtention of totally reflected light is different [Martin-Fernandez et al., 2013,
Axelrod, 2001]. Both of them have been vastly applied in biology [Axelrod, 2003, Schneckenburger, 2005] and are the basis for advanced fluorescence techniques such as Förster Resonance Energy Transfer (FRET), Stochastic Optical Reconstruction Microscopy (STORM) and
Photoactivated Localization Microscopy (PALM) [Turkowyd et al., 2016].
In prism-type TIRF, a prism is attached to the surface of interest (flow cell, coverslip,
culture plate...). This prism directs the laser light towards the glass/water (buffer) interface
with an angle over θc (Fig. 1.8 A). This method can be performed in both upright or inverted microscopes. The main advantage for this type of TIRF is that there is no limitation
on the incident angle, which can be as large as desired. The larger the critical angle, the
more confined (thinner) the evanescent wave is. A thin evanescent wave is interesting when
imaging samples with very high backgrounds, but it depends on the particular application
or biological problem. Besides, alignment and microscope setting up are easier in this TIRF
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Advantages

Disadvantages

Prism-type TIRF

Objective-type TIRF

• Easier to set up
• No limitation in incident angle
• Pure evanescent wave

• Easier to operate
• Can switch to EPI

• Need to focus through the sample

• Evanescent wave emitted and
collected by the same objective
• High NA objective, expensive

Table 1.1: Summary of the advantages and disadvantages of the two main methods
of making TIRF.
setups. However, placing and aligning the prism may require adjustment any time a sample
is changed, making it tedious to operate. Furthermore, fluorescence emitted by the fluorophores excited by the evanescent wave has to be collected by an objective placed in the
bottom coverslip, opposite to the prism, which has to be focused through the whole sample,
in the top coverslip, sometimes leading to aberrations.
Objective-type TIRF is the most widespread method nowadays in the fluorescence community. In this configuration, the excitation beam reaches the sample through an optical
path which can produce TIRF by a commercial TIRF slider or custom-made TIRF optics (see
following section). This setup makes the sample more accessible and is easier to operate than
prism-type TIRF. The incidence angle can be varied generally easily, permitting to modify
the penetration depth and even switching to epifluorescence, if needed. On the other hand,
interference of the evanescent wave in optical components make it non-pure and the specular reflection of the beam has to be dealt with, which is captured by the objective as well.
This reflected beam has to be properly filtered so that it does not reach the detector, but can
sometimes be useful for alignments.
To achieve objective-type TIRF, the excitation beam has to be focused in the back focal
plane (BFP) of the objective, achieving collimated incident light on the glass-water interface.
The beam exiting the interface and entering the sample will be in EPI-illumination mode
unless it is laterally displaced from the optical axis (see next section to understand how
this is achieved). In this operation mode, the incidence angles are ultimately limited by the
numerical aperture (NA) of the objective (see below), which is defined as:
NA = nm sin α

(1.10)

Where nm is the refraction index of the immersion media of the objective (oil, water)
and α is the field aperture (see Fig. 1.8 B), which describes the light cone accepted by the
objective. This means that at angles above the aperture field, light will not come out of
the objective, limiting TIRF operation. Although theoretically it would be enough having
NA > n2 (in most biological samples n2 = 1.33, for watery environments), experimentally
it is necessary to have at least NA = 1.45. This is mainly due to the challenge of obtaining
a properly collimated and aligned excitation beam (laser source) in the objective [MartinFernandez et al., 2013]. If a very narrow evanescent wave is needed, the higher the NA, the
better. Regarding the immersion media, oil is used since its refractive index matches better
that of silica glass (noil = 1.518).
In our case, objective-type TIRF was chosen because a prism would disturb the magnet
head above the objective and the light from the MT videomicroscopy. Furthermore, since
it allows changing the penetration depth, it increases the range of experiments that can be
performed, conferring versatility to the system.
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Figure 1.9: Generating TIRF by tilting a mirror placed in a FP-conjugate. Adapted from
[Brutzer et al., 2012] .

Main experimental setups to generate objective-type TIRF
Displacement of the excitation beam from the central axis of the objective can be achieved
by means of different strategies. For our hybrid setup, we considered the following three:
• Tilting a mirror placed in a FP-conjugate [Brutzer et al., 2012]
Using a Gimbal mount, one can very precisely rotate a mirror placed in a focal-plane
conjugate, thus displacing the beam from the central axis of the objective (Fig. 1.9).
However, precise Gimbal mounts are large and may be difficult to fit in the excitation
path. Furthermore, this method suffers from aberrations because the translated beam
is not passing through the center of the lenses in the optical path.
• Translating the 2nd beam expander lens [Mashanov et al., 2003]
Because laser sources are Gaussian and they have very narrow beam diameters, it is
usual that they are expanded in TIRF microscopes. This is normally achieved by using
a simple telescope composed by two lenses as a beam expander. Another approach
of laterally translating the beam is to laterally move a lens located on the optical
path, precisely the second beam expander lens, where a collimated beam emerges
(Fig. 1.10). In this method the beam is also affected by optical aberrations described
before.
• Translating a mirror and the lens focusing on the BFP [Wang et al., 2012]
A very widely-used method to displace the beam from the center of the BFP is by
laterally translating a mirror using a micrometric stage (Fig. 1.11). This is very convenient since the lens which focuses the beam on the BFP can also be placed in the
same stage, thus moving them simultaneously and avoiding any aberration. On the
other hand, the micrometric stage must fit on the focal distance from the BFP, which
may not be suitable for some optical configurations.

Figure 1.10: Generating TIRF by translating the 2nd beam expander lens. Adapted from
[Mashanov et al., 2003].
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Figure 1.11: Generating TIRF by translating a mirror and the lens focusing on the
BFP. Adapted from [Wang et al., 2012].

We finally chose the 3rd option since it was more convenient for us given the location of
optical components of MT in the optical bench and the fact that it avoids optical aberrations
on the excitation path.
A simplified schematics of the key components (without the MT parts) is shown in Fig.
1.12 which can be used as a guide to follow the instrumental development in the following
sections.

Figure 1.12: Simple schematics of the chosen TIRF configuration (excluding MT components). We chose a setup comprising a movable micrometric stage with a micrometric screw
as a TIRF slider and a dichroic mirror to separate excitation and emission paths. This design is
simplified and does not account for MT parts.
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Figure 1.13: Obtaining circularly polarized light. The optical path at the top shows how
linear polarizers with perpendicular polarization directions allow no light to pass. However,
when the light is circularly polarized, a linear polarizer would allow light through, as shown in
the bottom path.

1.4 Instrumental design of the setup
Several hints have been given about the key features that are common to a TIRF microscope
(laser light, TIRF slider, detector...). They are necessary to achieve a properly working setup.
In our case, these requirements are coupled to the difficulty of matching it to a previously
built MT setup, as well as the simultaneous operation of both apparatus.
Following the layout of Fig. 1.12, the theoretical design of the instrument and the key
features of instrumental development will be revisited in the next sections.

1.4.1 Theoretical design: Key features
The key features that are necessary for an optimally functioning TIRF microscope are:
1. Obtaining circularly polarized laser light
The majority of laser sources employed in TIRF microscopy nowadays are linearly
polarized (Gaussian) beams. As mentioned before in the polarization section, this
means polarization can affect the intensity of the EW. To overcome this, the most
straightforward strategy to circularly polarize light is to employ a λ/4 plate. This
plate, placed at 45° from the polarization axis of the beam will provide circular light.
To align it, a linear polarizer can be placed at 90° from the polarization axis, which
would cancel linear light, but will allow circular light through. Very carefully rotating
the λ/4 plate with a precise rotary mount, we can accurately find the rotation angle
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Figure 1.14: Beam expander setup. A simple telescope composed of a planoconvex and a
biconvex lens can expand a beam by the ratio given by their focal lenses. A pinhole in the
middle filters the beam.

for obtaining circularly polarized light when the intensity of the light coming out of
the linear polarizer is maximum, as depicted in Fig. 1.13.
2. Achieving an expanded and collimated excitation beam
Because of the Gaussian nature of the beam, it is common to expand it and ‘crop’ it
using a diaphragm to achieve an homogeneous illumination of the sample. There are
several ways of expanding a beam, being the simplest a telescope.
It consists of two lenses with two different focal distances (f1 for the first lens biconvex- and f2 for the second one -planoconvex-, see Fig. 1.14). The expansion
rate of the beam will be given by the ratio between the two focal distances:
Exp =

f2
f1

(1.11)

The beam will be focused between both lenses and will emerge expanded and collimated, and a diaphragm can be placed after the second lens to crop it. Additionally,
a pinhole can be placed right between the two lenses, at a distance f1 from l1 and at
a distance f2 of l2 (see Fig. 1.14) which will clean parasitic reflections of the laser.
3. Building a TIRF slider
The mechanical components comprising the method for displacing the beam from
the optical axis is known as a TIRF slider. As mentioned in the previous section, we
decided to build a TIRF slider composed of a micrometric stage that holds a mirror
to redirect light in the BFP of the objective and a lens to focus it there. The stage
was initially placed conveniently far from the objective, to affect as less as possible
the already built MT setup. The distance to the BFP of the objective was selected as
established by the focal distance of the lens, fBF P = 400 mm.
4. Separating fluorescence emission and MT optical imaging path
In a combined setup, it is important to carefully choose how to separate the two signals of the different techniques (in our case fluorescence and MT), as well as how to
redirect them towards their corresponding detectors. There are several ways to separate the emission of the fluorophores from MT videomicroscopy [Brutzer et al., 2012,
Wang et al., 2012, Mashanov et al., 2003], and the majority of them feature dichroic
mirrors. Dichroic optics work by reflecting light below a specific wavelength and
transmitting over it. Nowadays, even more complex materials are available that al-

39

1. Implementing TIRF microscopy to Magnetic Tweezers

Figure 1.15: Differences in focus between simultaneous MT and TIRF images illustrated using superparamagnetic beads unspecifically adsorbed on the surface. The
beads are visible because they are autofluorescent. In combined experiments, it is desirable that
the EM-CCD is focused on the surface while MT tracking requires the CCD to be out of focus.
Our detectors are separated by 6 µm.

low reflecting only one or two specific wavelengths (see below). On one hand, dichroics
are convenient for separating light beams while simplifying optical paths. However,
the use of these mirrors can be problematic because of the light power that is lost in
them. This happens because dichroics are not perfect, and they do not reflect and/or
transmit 100 % of the wavelength.
We decided to use dichroics because they allow to simplify the detection optical path
by only needing one focusing lens for both detectors. Emissions are separated right
before the detectors so that the whole optical path is useful for both MT and TIRF. To
overcome the power loss for the MT videomicrosocopy, the original MT LED had to
be substituted for a higher power one.
5. Differences in focus in MT and TIRF microscopy
The final challenge of a combined MT-TIRF setup is that, under operation, fluorescence has to result in focused images on the surface and MT requires out-of-focus
images for proper bead tracking. To overcome this issue, several options are available. In our case, we decided to use a single lens for focusing in both detectors, which
required to displace the MT camera (CCD) with respect to the fluorescence detector
(EM-CCD) in order to achieve a difference in focus. This displacement creates a 6
µm difference in focus that allows for tracking standard DNA tethers (2 µm long)
and visualizing fluorescence in focus. Our detectors could be moved, thus changing
the difference in focus and allowing to track DNA molecules with different lengths.
Other setups (see [Kemmerich et al., 2016b]) consist of rails and are able to move the
detector anytime at will.
Taking into account all the mentioned points, an initial setup was designed using the
CAD software Solidworks (see Fig. 1.16). This was useful to theoretically test the places of
the components along the optical bench and possible configurations. Main restrictions for
the design come from the focal distances of lenses employed for (1) focusing on the BFP, (2)
focusing on the detectors and (3) expanding the laser beam, since the objective for MT was
already fixed in our setup.
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Figure 1.16: Initial Design of the setup in Solidworks. Top view with the key optical
components displayed (top). The path of the beam is indicated for clarification. Isometric view
for a better visualization of the layout in the optical bench (bottom).
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1.4.2

Final design of the MT-TIRF setup

The setup was built as shown in Fig. 1.17.
Initially, 488 nm (blue) linearly polarized laser light (Vortran Stradus, maximum output
power 50 mW) is filtered using a laser line filter (ZET 488/10x, Chroma). This eliminates
parasitic wavelengths that the laser may have. It is then attenuated using a neutral density
(ND) filter wheel (5214-A, Newport) that can work in 0.04 OD (optical density, absorbance),
0.5 OD, 1 OD, 1.5 OD, 2 OD and 2.5 OD. This permits operation at higher laser powers that
can be attenuated, to achieve stable and homogeneous illumination of the sample without
photodamaging it.
Next, the beam goes through a λ/4 plate oriented at 45° with respect to the polarization
axis of the laser source. This circularly polarizes light to avoid preferential excitation of
fluorophores as it was aforementioned.
After that, the beam enters a beam expander composed of two lenses (L1 PAC019AR.14
and L2 PAC061AR.14, Newport) where it is expanded about 10 times for homogeneity of the
beam. It is further filtered with a 100 µm sized pinhole located in the focal point between
both lenses. All the setting up of the beam expander was done by taking advantage of Thorlabs cage systems, as well as XY and XYZ mounts for fine tuning of the centering and focus
of the lenses. Right after the beam expander a shutter is placed (SH1, Thorlabs) which allows
manual or computer controlled operation, for a fast exposure of the laser. It is connected to
the computer via Arduino.
It is then redirected to a dielectric mirror placed on a micrometric stage (M-UMR5.16 with
micrometer BM11.16 Newport) which allows switching, by translation using a micrometric
screw, between EPI-illumination and TIRF, as well as changing the penetration depth of the
evanescent wave. Located in the same stage there is a lens (PAC064AR.14 Newport), which
focuses the beam on the BFP of the objective (Olympus UAPON TIRF 100x). This lens is
placed on a tube for fine adjustment of the focal distance.
Above the objective there is a Khöler illumination system based on a 635 nm (red) LED
(Thorlabs LED635L) used for MT videomicroscopy. Light from the tweezers LED and emitted
fluorescence go back to the objective, pass through a dichroic mirror that precisely reflect
two laser lines (488 nm and 532 nm, ZT 488/532rpc-UF2 Chroma), and let the remaining
wavelengths pass. This mirror was chosen to have the option of incorporating a second laser.
This would permit to have two excitation colors, and with this mirror the implementation of
a second laser line of 532 nm would be straightforward. This could be achieved by coupling
the second laser using a dichroic mirror (see Fig. 1.20).
Then, both MT videomicroscopy and fluorescence emission images are focused by a
tube lens (KBX073AR.14 Newport) on an Andor Ixon Ultra 897 EM-CCD camera (fluorescence emission) and a Pulnix 6710CL CCD camera (MT). A second dichroic mirror that only
reflects 635 nm (ZT 635dcrb-UF2 Chroma) allows separating both beams, which are further
filtered by a high-pass filter for the CCD (FL635-10 Thorlabs) and a fluorescence emission
filter (FB520-10 Chroma) for the EM-CCD.
Since we are using a 488 nm laser and a 1.49 NA objective, according to Equation
1.7 our microscope has a critical angle θc ≈ 62°, a maximum angle θmax ≈ 79°, and consequently, according to Equation 1.9 a range of evanescent wave penetration depths of
d ≈ 60 − 420 nm.
See the table in Appendix A for a complete list of optical and optomechanical components that make up the fluorescence microscope in the MT-TIRF setup, excluding the MT
components.
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Figure 1.17: Scheme and pictures of the final design of the MT-TIRF apparatus. Briefly,
488 nm (blue) linearly polarized light (Vortran Stradus) is filtered, attenuated, circularly polarized to avoid preferential excitation of fluorophores and expanded about 10 times for homogeneity of the beam. A mirror (M6) placed on a micrometric stage allows switching between TIRF
and EPI-illumination, by translation (in the direction of the arrows), while the lens L3 focuses
the beam on the BFP of the objective (Olympus UAPON TIRF 100x). Light from the tweezers LED
(red) and emitted fluorescence (green) go back to the objective, passes through dichroic mirror
DM1 and is focused on an Andor Ixon Ultra 897 EM-CCD camera (fluorescence emission) and
CCD camera (LED light) by L4. Dichroic mirror DM2 allows separating both beams.
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Figure 1.18: Differences in the illumination region depending on the focal length of
the BFP lens illustrated using superparamagnetic beads unspecifically attached on
the surface. Using a lens of fBF P = 400 mm (left) leads to an insufficient illumination of the
sample, while a lens of fBF P = 200 mm achieves illuminating the whole sample region (right).

Important instrumental considerations
There are several essential considerations to be taken into account when building a MT-TIRF
setup:
1. Alignment of the beam after the beam expander
The first design utilized two mirrors for directing the beam towards the beam expander and then direct it into the BFP stage mirror. However, this hindered the alignment so we decided to include another set of mirrors to facilitate the alignment on
the BFP lens.
2. BFP focusing lens affecting the TIRF field
The initially chosen BFP focusing lens had a long focal distance fBF P = 400 mm,
which resulted in a too small illumination area of the sample (see Fig. 1.18). By decreasing the focal distance of this lens (fBF P = 200 mm) the light cone entering the
microscope objective was wider, and consequently, the illumination area was larger.
This required reassembling the whole excitation path to place the micrometric stage
closer to the objective.
3. Light entering the CCD camera of MT
As it has been mentioned before, dichroic mirrors are not perfect. The dichroic mirror separating MT and TIRF paths led to some backscattered laser light leakage on
the CCD, affecting the proper tracking of the beads by the MT software. This was
corrected using a high-pass filter above 635 nm (FL635-10 Thorlabs). Because this solution decreased the intensity reaching the CCD, this was overcome by using a LED
with a higher power.
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Figure 1.19: Differences between the objective used for MT and the TIRF objective. The
PlanAPO 60x used for MT (left) has a sharper conical shape while the UAPON TIRF 100x (right)
is much wider. This resulted in a need to modify the base plate for the flow cell holder.

4. Geometrical adjustments of the sample cell holder
The TIRF objective has a numerical aperture of 1.49 and a working distance of 0.1
mm. This implied that the geometry of the TIRF objective was different from the one
originally employed in MT (see Fig. 1.19). A new design of the base plate was needed
according to the new objective to prevent the objective from hitting the sample cell
holder base plate and limiting the movement range (see Solidworks design in Appendix B). The baseplate was also further modified (cropped) for the introduction of
the lateral magnets.

1.4.3 Features and differences between the two MT-TIRF
setups used in this thesis
The MT4 setup has been essential for performing experiments in Chapter 4 in this thesis,
speeding up data acquisition and statistics. Both MT1 and MT4 have been used independently and indistinctly along the development of this thesis, so that experimental work was
not stopped during instrumental upgrades. This demonstrated that data acquisition in both
home-built systems was compatible (and results fully reproducible) despite some instrumental and software operation differences.
The MT4 setup was built together with Dr. Fernando Moreno-Herrero based on the
design of MT1 but incorporating several upgrades that will be described below (see Fig.
1.20).
• Objective:
In the case of both setups, the objective used for optical microscopy is an oil-immersion Olympus UAPON TIRF 100x (numerical aperture NA = 1.49). This objective is
used because it is suitable for TIRF microscopy. Both for MT1 and MT4 it is holded by
a piezoelectric stage for a very precise adjustment of the focus, up to 1 nm (P-721.CDQ
in the case of MT1 and P-726 in the case of MT4, both from Physik Instrumente). In
the case of MT1, a coarse adjustment of the focus is achieved by vertically moving
the objective using a micrometer stage (M-UMR5.25, Newport). However, in the case
of MT4, the sample stage is moved with respect to the objective, using two stages of
the same kind. This permitted to have a larger space below the objective which is
beneficial for fluorescence implementation without affecting MT performance.
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Figure 1.20: Scheme of the MT4 setup. It comprises two color excitation paths (488 and 532
nm) as well as two color detection achieved with an Optosplit II. The TIRF slider is much closer
to the objective than MT1 (figure not to scale).

• Fluorescence excitation:
The MT4 setup has two colors for fluorescence excitations, with different beam diameters. A 488 nm Vortran Stradus of 1.3 mm diameter and a 532 nm Vortran Stradus
of 0.9 mm. This resulted in the need of different beam expanders to achieve similar
expanded and collimated beams. Furthermore, the use of two different wavelengths
coupled in the same optical path implies they have different penetration depths according to Equation 1.9.
• TIRF slider:
The TIRF slider in the MT4 setup needed to be modified in order to illuminate the
whole area corresponding to the EM-CCD sensor. In this setup, it was necesary to
change the way the evanescent wave is generated to place the BFP lens much closer
to the objective. As mentioned in the objective description, the coarse focusing of the
objective is achieved by moving the sample stage, not the objective itself. The BFP
lens has a shorter focal distance fBF P = 100 mm which forced the TIRF slider to be
closer to the objective.
• MT Illumination system and optical path:
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A 635 nm (LED635L, in the case of MT1, and M505L3 for MT4, both from Thorlabs,
USA) is used, collimated and focused (using Köhler illumination) for optically detecting the beads. Light is directed from the objective to the detector by a regular
broadband dielectric mirror (BB1-E02, Thorlabs) and focused by a tube lens (f = 175
mm KBX073AR.14, Newport for MT1, and f = 200 mm, PAC064AR.14, Newport for
MT4.). The main difference between both illumination systems is that the LED used
in MT4 emits at a higher power, which was necessary due to power loss through
optical components. In the case of MT1, the power loss was not that high.
• Magnets:
In both setups magnets are translated using a linear motor (M-126.PD1, Pyhsik Instrumente) and rotated using a rotational motor (M-125.90, Pyhsik Instrumente). These
stand in custom built aluminum parts and use gear belts for a proper operation. In the
case of MT1, a sweet iron head contains a pair of gold coated neodymium (NdFeB)
cubic magnets (5x5x5 mm, W-05-N50-G, Supermagnete GmbH) which are aligned
in the optical path using two micrometer stages (M-SDS65 Newport). In the case of
MT4, an aluminum head was used with a 1 mm gap (the pair of magnets was identical). The difference in magnet head material affects magnet configuration, since
sweet iron will attract the magnets but aluminum will not. While the configuration
of the magnets and the applied forces resulted different, they were calibrated prior to
experiments so that they would not ultimately affect biological experiments.
• MT Detector:
In MT1, a CCD camera that can operate at 60 or 120 Hz (Pulnix, 6710CL) was used
for recording images of the beads while in MT4, they are captured with a CMOS
camera (EoSens CL, Mikrotron GmbH) with maximum acquisition frequency of 500
Hz. Measurements were in any case done at 120 Hz unless otherwise stated, which
was useful for comparison purposes between data acquired on different setups. The
CMOS has a different sensor compared to the CCD (1280x1024 pixels compared to
640x480 pixels of the CCD), allowing to follow more beads per field of view.
• Fluorescence detector:
MT4 has a different EM-CCD (Andor Ixon Ultra 888) chosen to increase the field-ofview for fluorescence experiments. The sensor is 1024x1024 pixels compared to the
512x512 pixels of the Ixon Ultra 897 of the MT1. It also incorporates an Optosplit
II (Cairn Research) for separating fluorescence emissions, because it was designed
for two color imaging. For the experiments presented along this thesis that were
carried out in MT4, the Optosplit is currently set up for one color. The straightforward
alternation between one or two-color operation makes this setup user-friendly while
increasing the potential for data acquisition.
• Software:
Both systems are controlled with a custom-written program in LabVIEW (National
Instruments, USA). In MT1, the software (originally developed by Prof. J. van Noort
in Prof. C. Dekker’s lab in TU Delft) was adapted by Dr. Fernando Moreno-Herrero.
In the case of MT4, the software was developed by María Teresa Arranz in LabVIEW
2011. The software carries out the analysis of the coordinates of the beads in real
time. At 120 Hz up to 8 beads have been followed in MT1 and up to 20 in MT4.
The limitation in tracked beads is a combination of computational power and the
magnification of the objective. Both setups include features to control the lateral
magnets,
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Figure 1.21: Overview of the custom-written software for controlling MT-TIRF developed in LabVIEW. The left side of the program controls the MT, the central part controls the
fluorescence detector and the right part allows to control the shutter.

shutters for the lasers and the Andor EM-CCD detector. However, for purposes of
data analysis, the fluorescence data acquired in MT4 presented on this thesis were
recorded by using the Andor Solis commercial software. This was essentially done
for compatibility with experiments performed in MT1.
In summary, MT4 results more convenient for a faster acquisition of statistically relevant
data because more beads can be tracked at a higher frequency. For combined MT-TIRF data,
as it will be seen in later sections, MT1 has been better characterized in terms of fluorescence
measurements. Importantly, the capability of having two different MT systems that can be
used independently but yet indistinctly is an indubitable major asset.

1.4.4

Software development

As mentioned before, MT are controlled with custom-written software (see Section 1.4.3
and Fig. 1.21) that was developed in LabVIEW 6.2 (National Instruments). To fully operate
the hybrid MT-TIRF, control is needed over the laser and EM-CCD, as well as the lateral
magnet module (see Chapter 3). Initially, those were controlled with their corresponding
commercial software (Vortran Stradus controller, Andor Solis and Piezomotor 2.0, respectively). However, for specific experiments and applications, it was necessary to develop
some custom-written code in LabVIEW. These developments were done together with Dr.
Fernando Moreno-Herrero and María Teresa Arranz in the Moreno-Herrero lab.
Firstly, it was necessary to upgrade the LabVIEW version to 2011, because EM-CCD
drivers would not work in previous versions. This upgrades reflected the computational
power demanded by the hybrid setup, as well as the need to be up-to-date to incorporate
new hardware components. Such upgrades required some minor modifications of some VIs
(virtual instruments) in the currently existing MT program, but the majority of the code
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remained unchanged. Software development was done together with Dr. Fernando MorenoHerrero and María Teresa Arranz.
For the specific applications described below, we developed in LabVIEW 2011:
• EM-CCD control module
EM-CCD (for fluorescence) and CCD (for MT) can be correlated in time by introducing a simultaneous signal, i.e. mechanically closing the shutter. However, for very
precise measurements requiring ms resolution synchronization and simultaneous acquisition (precisely the experiment in Section 1.6.5), it was convenient to develop a
code to control the EM-CCD camera with LabVIEW.
For this purpose, parallel loops were implemented in the main MT code. These parallel loops allowed operating the MT software, the shutter, and the EM-CCD camera
independently from each other.
The EM-CCD code was programmed to perform basic setting and acquisition operations based on the Andor Solis software. It allows to control basic (but essential)
EM-CCD settings: exposure time, temperature, number of frames, read-write time,
triggering an EM gain. It also comprises indicators for all the magnitudes mentioned
so that the user can check that it is working properly.
It is then programmed to save a .log file with the acquisition start and finish time
(with ms resolution for correlation with MT), as well as the acquisition settings. Data
are acquired and subsequently in the Andor Solis .sif format, allowing to be processed
using the commercial software after data acquisition. The versatility of the .sif files
is that they can be later on exported as images (tiff, png...) or raw data (ASCII), and
further analyzed using image processing software (such as ImageJ [Schneider et al.,
2012]).
• Shutter operation software
For computer control of the shutter, we programmed a code that introduces a signal
for opening and closing the shutter. This software even allows to use automated codes
for sequential operation of the shutter and has a resolution of 100 ms.
• Feedback software
Because focus of the fluorescence signal is highly affected specially by thermal drift,
or when flowing reagents in the flow cell, we implemented a code that works as a
feedback. It basically consists in tracking a reference bead position, and when this
position changes over a threshold defined by the user, the piezo is moved to get the
position back, which keeps the focus. It also has a safety feature for not moving the
piezo when the tracking is lost, avoiding that the objective would crash into the flow
cell.
• Lateral magnet controller
For correlating lateral magnet positioning and bead coordinates precisely, a module
was implemented which allowed to move the lateral magnet forward and backwards
using LabVIEW. The code allowed to move the magnet while recording the position
and introducing the position data in the MT tracking file.
More complex measurements such as automated positioning or calibrations are still
done with the Piezomotor 2.0 software.
These features were not only essential for certain characterization experiments, but also
confer the MT-TIRF setup versatility and advanced control options by the user. Moreover,
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these developments gave rise to more advanced features implemented in the new MT4 system, resulting in two independent setups with high potential for biological experiments.

1.5

Experimental methods

For the characterization experiments presented hereafter, a set of surface chemistries on
beads and glass surfaces, multiple buffers and several DNA molecules were used. To tether
superparamagnetic beads to glass surfaces by means of a DNA molecule, beads and glass
surfaces have to be functionalized, which is achieved by specifically coating the surfaces. The
main surface chemistries employed to anchor DNA to magnetic beads and/or glass surfaces
are biotin-streptavidin and digoxigenin-antidigoxigenin (dig-anti-dig). These combinations
stand up to around 50 pN before breaking the bonds (dig-anti-dig) [Neuert et al., 2006] and
even more than 100 pN (biotin-streptavidin) [Wong et al., 1999]. Depending on the desired
combination, one DNA end is labelled with dig and the other with biotin, while the surface
or the bead are coated with anti-dig or streptavidin.

1.5.1

Anti-dig surfaces and commercial dynabeads

The most widespread configuration for MT, and widely used through this thesis, is to use
commercially available streptavidin coated beads (Dynabeads, Thermo Fisher) with homemade fabricated anti-dig surfaces. Beads with 1 and 2.8 µm diameter have been employed
in this thesis. Smaller (0.5µm diameter) sized beads (Ademtech) were also used in particular
experiments.
For a detailed protocol of anti-dig surface fabrication, see Appendix E. As in general
MT flow cells, the surface was coated with a thin layer of 1 % polystyrene in toluene to
then adsorb anti-digoxigenin antibodies. An extensive cleaning process has been introduced
modifying the standard MT flow cell fabrication protocol for achieving cleaner surfaces for
fluorescence. It is also advisable to avoid depositing reference beads for fluorescence experiments [Janissen et al., 2014] because this procedure leads to a sub-optimal surface.

1.5.2

PEG surfaces and custom-labelled anti-dig beads

In fluorescence microscopy, the most commonly employed surfaces consist of a partially
functionalized polyethileneglycol (PEG) surface [Tanner and van Oijen, 2010]. These are
widespread because, due to their superior passivation, they prevent the deposit of unspecific
particles and they exhibit a lower background.
We fabricated PEG-coated microfluidic cells based on a protocol employed by Dr. Gemma
Fisher from Prof. Mark Dilligham’s lab in the University of Bristol. We optimized the coating
protocol and compared their performance in terms of background to those based on anti-dig
coating, concluding that they exhibit a superior passivation [Cabello-García, 2017].
For performing MT experiments in PEG-based surfaces, home-fabricated anti-dig coated
beads have to be engineered, since they are not available commercially in an homogeneous
size. For this purpose, we developed a protocol to label them in-house. One protocol was
adapted from previous knowledge based on protein-G modification, described in [Gollnick,
2015], while we also developed a labelling protocol based on tosylactivated beads [Duboc
et al., 2017].
See Appendix E for detailed protocols of the PEG surface and anti-dig beads fabrications.

50

1.6. Characterization experiments

1.5.3 DNA molecules
Along this thesis, mainly two kinds of DNA molecules have been used. Throughout the
majority of the experiments λ/2 DNA (∼ 24.5 kbp) has been used. Its fabrication, based on
[Camunas-Soler et al., 2013] is detailed in Appendix E.
Moreover, λ DNA (48 kbp) was used for certain characterization experiments. Fabrication is also detailed in Appendix E. λ and λ/2 molecule fabrication and protocol optimization
were carried out as part of this thesis.
In other experiments, a shorter torsionally constrained DNA of 5.7 kbp (around 2 µm)
has been used, employed for other projects in the Moreno-Herrero lab. Since december 2017,
fabrication of all the biological molecules has been carried out by Dr. Clara Aicart-Ramos in
the Moreno-Herrero lab.
All the molecules employed in this work where tailed with biotins on one end and digoxigenins on the other end.

1.5.4 Labelling λ DNA using fluorescein
For particular simultaneous MT and fluorescence measurements, we fabricated a fluorescent
λ DNA molecule by covalently attaching fluorescein to it.
This protocol was based on [van Loenhout et al., 2012] and it is fully detailed in Appendix
E.

1.5.5

Protein purification and labelling

All the proteins employed in this thesis (with the exception of Chapter 5) were produced and
labelled (where applicable) by Dr. Gemma Fisher from Prof. Mark S. Dillingham lab in the
University of Bristol, as described in [Madariaga-Marcos et al., 2018b].

1.5.6 Buffers
All buffers employed in this thesis have been prepared using 0.22 µm filtered reagents and
stored at 4 °C unless otherwise stated. All MT or MT-TIRF buffers have at least 10 mg/ml
BSA and 0.1 % Tween-20 to avoid unspecific interactions with the surface.
See Appendix D for a complete list of employed buffers.

1.6

Characterization experiments

Each microscope, specially when it comes to a custom-built one, has a different sensitivity, spatial and time resolution, and performance in general. It is interesting to know the
capabilities as well as the limitations of the instrument because that will affect biological
measurements and will help to interpret and understand the obtained results.
In order to characterize the performance of our setup in terms of fluorescence imaging,
single-fluorophore resolution, evanescent wave penetration depth, simultaneous MT and
TIRF measurements and imaging of different fluorophores (organic, intercalants, quantum
dots...), the following series of experiments were designed and carried out.
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Figure 1.22: Stretching λ DNA stained with Sytox green. In the absence of flow (left) DNA
molecules are not visible, but they become visible when stretched at a flow of 400 µl/min (right).

Briefly, we imaged a range of samples including the intercalant Sytox Green, DNA and
proteins labelled with Alexa Fluor-488, DNA with covalently attached fluorescein and streptavidin coated quantum dots (QD). We found that our setup is capable of detecting single
fluorophores and has a spatial resolution of ∼ 400 nm (in both axis of the detector). For the
position of the micrometric screw in which experiments were performed, the penetration
depth of the evanescent wave was found to be ∼ 170 nm. Finally, we proved that our setup
is able to simultaneously track the position of the bead and the fluorescence of different
fluorophores with ms resolution.
All the performed experiments are detailed in the following sections. Experimental details such as sample conditions and microscope settings are included in specific boxes.

1.6.1 Fluorescence imaging capabilities
Flow-stretching of DNA molecules on a surface is a very widespread method for visualizing
DNA under TIRF microscopy [Tanner et al., 2008, Song et al., 2016], because DNA molecules
are confined in the evanescent wave. To firstly asess the performance of the TIRF microscope,
independently of MT operation, we decided to follow this approach using λ DNA (48 kbp
long) and the intercalant Sytox Green. Intercalants are a very common dye to easily stain
nucleic acids because they enhance their fluorescence emission around 1000 times when
introduced between their bases.
λ DNA in the presence of Sytox Green was flown into an anti-dig coated microfluidic
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cell. The DNA was allowed to bind to the surface by the dig-tailed end for 15 minutes and
then stretched with a flow of 400 µl/min with a syringe pump (NewEra).
The result (see Fig. 1.22) was obtaining fully stretched and stained DNA molecules in
the presence of flow, while they diffuse and become blobs in the absence of the flow. A
proper stretching of the DNA molecules was sometimes hindered by bubbles in some parts
of the flow cell. Bubbles make this kind of experiments complicated since they can generate
turbulence in the flow cell and/or tubing which can affect the direction and velocity of the
flow. Although surface passivation could be improved, this was the first proof-of-concept
experiment showing that our microscope was able to correctly monitor fluorophores in the
vicinity of the surface.
Sample: ≈ 50 pM λ DNA stained with 100 nM SYTOX Green in TIRF buffer (25
mM Tris pH 7.5, 200 mM NaCl, 2 mM MgCl2 , 0.2 mg/ml BSA, 0.1 % Tween 20) in
the absence of an oxygen scavenger system.
Microscope settings: laser power 1 mW, with 0.04 OD filter, EM-CCD exposure
time 0.04 s, EM gain 100 and EM-CCD sensor temperature −80 °C.

1.6.2

Single-fluorophore sensitivity

Single-fluorophore resolution is a hallmark for many fluorescence microscopes. It is absolutely required to have single-fluorophore resolution in cases where a discrete number of
events need to be detected (i.e. a single protein binding on a DNA molecule). A standard
experiment to test the resolution of the microscope is seeing if we are capable to photobleach single fluorophores. Photobleaching or fading is a photophysical process by which a
fluorophore is damaged and cannot emit fluorescence anymore [Ghauharali and Brakenhoff,
2000].
For checking if we had the capability of detecting single fluorophores, a DNA oligo tailed
with a single Alexa-488 fluorophore was deposited on a coverslip functionalised with 100 %
APTES (droplet deposited for 10 minutes, then washed with H2 O and dried with compressed
air). The sample was allowed to deposit for 10 minutes and then imaged with the microscope.
Videos of photobleaching fluorophores Fig. 1.23 (top) were analyzed for plotting intensity vs. time, quantitatively allowing us to detect if a photobleaching event happened.
After background was corrected (by substracting the average of 4 adjacent regions of interest -ROIs- around the fluorophore) a single step was observed in fluorescence intensity,
confirming the presence of one single fluorophore Fig. 1.23 (bottom). This confirmed that
we can detect a single protein binding event on DNA molecules, provided they were separated enough.
Sample: ∼ 100 pM Alexa-488-polyT oligo in 25 mM Tris pH 7.5, 200 mM NaCl, 2
mM MgCl2 , 1 mM DTT, 100 mg/ml BSA, 1 mM Ascorbic Acid, 1 mM Methyl Viologen, 10 mg/ml glucose. Glucose oxidase and catalase (‘gloxy mixture’ solution
100x) were added to the solution at a final concentration of 1x just prior to measuring.
Microscope settings: laser power 1 mW, with 0.04 OD filter, camera exposure
time 0.1 s, EM gain 100 and EM-CCD sensor temperature −80 °C.
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Figure 1.23: Measurements of single fluorophore resolution. When the laser is turned
off, (top, left) nothing is monitored. When we turn on the laser (top, middle) single dots corresponding to single fluorophores are visualized. When photobleaching occurs, dots disappear
corresponding to the irreversible damage of the fluorophores (top, right). This results in a singlestep decreasing of the fluorescence intensity for each tracked dot (bottom).

1.6.3

Spatial resolution

Quantum dots (QDs) are nanometric semiconductor particles widely employed in fluorescence [Sabaeian and Khaledi-Nasab, 2012]. They absorb photons at a variety of wavelengths,
while their emission wavelength can be controlled by changing the size of the nanocrystal
[Gammon, 2000].
They are interesting for biological imaging applications because they are much brighter
and they are less susceptible to photobleaching than organic flurophores (i.e. Alexa Fluor or
fluorescein). However, they exhibit blinking properties [Michalet et al., 2005], which may be
an advantage or drawback depending on the experiment.
We monitored streptavidin coated QDs (QDot 525 streptavidin conjugated, Thermo Fisher)
bound to biotin-PEG surfaces (Fig. 1.24). We managed to visualize individual QDs and to
track their intensity over time, monitoring their characteristic blinking.
These images were useful to calculate a point spread function (PSF), providing us with
the spatial resolution of our microscope. By fitting a 2D intensity map corresponding to the
pixels in the ROI around a single QD to a two-dimensional Gaussian function, we obtained
that we have a spatial resolution of ∼ 410 ± 50 nm in the horizontal axis of the EM-CCD
and ∼ 460 ± 60 nm in the vertical axis.
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Figure 1.24: Imaging Quantum Dots. Field of view showing several QDs bound to the surface
(left). Their intensity is tracked over time showing the typical blinking behavior of QDs (right).
Intensity plot in 2D displaying the PSF is depicted in the bottom panel.

Sample: 0.5 µl QDs stock solution (QDot 525 streptavidin conjugated, Thermo
Fisher) were dilluted in 100 µl MT-TIRF buffer: 50 mM Tris pH 7.5, 100 mM NaCl,
1 mM MgCl2 , 0.2 mg/ml BSA, 0.1 % Tween 20.
Microscope settings: laser power 1 mW, with 0.04 OD filter, camera exposure
time 0.1 s, EM gain 100 and EM-CCD temperature −80 °C.

1.6.4

Correlated MT tracking and fluorescence imaging
capabilities

To assess the correlation between the fluorescence emission detection and the DNA extension tracking by MT, we designed an experiment that coupled changes in both signals by
employing fluorescently labelled tethered beads. Although beads are visible per se due to
autofluorescence, we decided to label them using Alexa Fluor 488-biocytin to increase the
emitted fluorescence.
Fluorescent tethered beads were flown into an anti-dig coated microfluidic cell, passivated for 1 h with BSA. Molecules were allowed to bind for 5 minutes and then were stretched
with the vertical magnets.

55

1. Implementing TIRF microscopy to Magnetic Tweezers

Figure 1.25: Tracking fluorescently labelled magnetic beads. Cartoon of the experiment
(left) shows how when the magnet stretches the DNA molecule (high force), the bead is unable
to enter the evanescent field, while it enters when the magnets are released (low force). Simultaneous plot of DNA extension and fluorescence intensity vs. time for a certain DNA molecule
(right). Fluorescence intensity of the bead when it enters the evanescent field and DNA height
are anticorrelated, as expected.

Due to the evanescent wave confining the excitation in the vicinity of the surface (see
Fig. 1.25) DNA stretched at a high force will impede visualizing the bead. At low forces,
however, the bead will fall under the evanescent wave and will be visible. Moving up and
down the magnets (i.e. decreasing and increasing the force, respectively) allowed us to simultaneously track the position and the fluorescence intensity changes of the bead. By taking
videos of the beads going in and out the evanescent wave, this experiment allowed us to
correlate the CCD camera and the EM-CCD camera, proving that we have simultaneous
imaging capabilities.
Sample: 5 µl beads (MyOne Dynabeads) with 2 µl DNA in MT-TIRF buffer: 50
mM Tris pH 7.5, 100 mM NaCl, 1 mM MgCl2 , 0.2 mg/ml BSA, 0.1 % Tween 20
incubated for 5 minutes and then with 1 µl stock (1 mg/ml) Alexa-488-biocytin for
5 minutes. Excess of Alexa-488 was removed using a magnet rack.
Microscope settings: laser power 1 mW, with 0.04 OD filter, EM-CCD exposure
time was 0.1 s (no sensor cooling or EM multiplying was used). CCD acquisition
frequency was 60 Hz.

1.6.5

Evanescent Wave penetration depth calibration

Because our setup can operate at a range of penetration depths of the evanescent wave, we
decided to experimentally measure the penetration depth.
The experiments reported here were performed at a fixed incident angle position of the
micrometric stage, i.e., a particular penetration depth.
We experimentally determined the penetration depth of the EW by using fluorecently
labelled beads attached by torsionally-constrained DNA. We labelled streptavidin coated superparamagnetic beads with Alexa Fluor 488-biocytin to increase the fluorescence signal and
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Figure 1.26: Evanescent wave penetration depth calibration experiment. We used Alexa
Fluor 488-biocytin coated superparamagnetic beads to measure the penetration depth by introducing supercoils in torsionally-constrained DNA molecules. Induction of supercoils reduces the
extension of the tether bringing the labelled bead closer to the surface, thus increasing the fluorescence signal (left). Mean intensity vs. DNA extension plot for all the beads tracked, showing
an exponential decrease (right). Each data point corresponds to different extensions of multiple
molecules (N = 24). Data were normalized to the maximum intensity of each bead and fit to
(Equation 1.8) obtaining a value of d = 170 ± 30 nm.
to minimize the variability of beads’ autofluorescence. Next, we incubated them with 2 µm
long DNA molecules labelled with biotins at one end and digoxigenins at the other end. This
generates torsionally-constrained DNA tethers that can be stretched and supercoiled with
the magnets.
The extension of the tethers and the fluorescence of the beads were simultaneously monitored while positive rotations were introduced resulting in the supercoiling of the DNA
molecule. The experiment was performed at 4 pN to reduce the noise in the extension and
required up to 100 positive turns to bring the bead in contact with the surface. This procedure allowed us approaching the bead to the surface in a very smooth and controlled way
(Fig. 1.26). We then plotted the average intensity of the bead over a time window of 100
milliseconds for a given extension. Data was fitted to Equation 1.9 to obtain the penetration
depth [Duboc et al., 2016].
We obtained a value of d = 170 ± 30 nm, which is consistent with the theoretical range
available in our setup (see the end of Section 1.4.2). This gives an incident angle of 63° in
agreement with the measured incident angle range and also consistent with ranges measured
by other authors [Duboc et al., 2017].
Sample: 2 µm torsionally constrained DNA and bead in a buffer containing 25 mM
Tris pH 7.5, 200 mM NaCl, 2 mM MgCl2 , 0.2 mg/ml BSA, 0.1 % Tween 20.
Microscope settings: laser power 1 mW, with 0.04 OD filter, camera exposure
time 0.03 s, EM gain 100 and EM-CCD sensor temperature −80 °C. CCD acquisition
frequency was 120 Hz.

1.6.6

Laser power measurements

Because some of the output laser power is lost along the optical path of the microscope,
measuring the laser power throughout the microscope and at the sample cell is very useful.
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Figure 1.27: Laser profile measurements obtained with the Beamage Focus II camera.
Laser beam (1.3 mm diameter) at 1 mW output power (left). Laser beam after being expanded
(12 mm) at 1 mW output power (right).

This facilitates the user to know which laser power and neutral density filter needs to employ
to reach a certain power at the sample, depending on the experimental demand. To this end,
we measured the laser power through several optical components at a range of laser output
powers using the different neutral density (ND) filters available in our setup.
The laser profile was imaged using a Beamage Focus II detector (Gentec-EO, QC, Canada)
to measure the diameter and check that is was collimated (see Fig. 1.27). The laser power (in
mW) was measured using a UP19K-15S-H5 detector (Gentec-EO), placed after several optical
components. All these measurements were done in epifluorescence and serve as an estimaLaser
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Table 1.2: Power loss measured coming out of the objective for different filters. Laser
power in mW and percentage of power loss are shown for our set of ND filters. Filters are named
after their optical density (OD).
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tion for TIRF measurements, where the power will be lower since the intensity decays exponentially.
Intensity was measured after the beam expander, objective and the fluidic cell, and results are shown in Appendix C. In the case of the objective, since it is the most interesting
measurement because is the closest optical component to the flow cell, we measured the
power in the morning and in the afternoon, because it heats up after long-term use. As a
summary, Table 1.2 shows power loss in mW, as well as percentage of power loss (%) measured after the objective for the different filters in our set. Filters are named after their optical
density (OD).
These measurements allowed to elaborate a set of tables that serve the user as a catalog
to straightforwardly choose a filter and laser output power to suit their experimental needs,
but are only valid in the actual configuration of the setup. Changing the laser or optical
components would therefore require to perform additional measurements on laser profiles
and power.

1.6.7 Fluorescently labelled DNA visualization under
force
Because the aim of this thesis is to study the interaction between proteins and DNA using hybrid MT-TIRF, we aimed to visualize fluorescence on a DNA fluorescently labelled molecule
which was stretched on a surface using lateral MT (see Section 1.2.6 and Chapter 3 for a
detailed explanation).
We visualized fluorescein-labelled DNA molecules on tethered beads. Tethers with the
fluorescein labelled molecule were introduced in a flow cell and allowed to incubate. While
attempting to visualize them laterally stretched with the lateral MT, many beads got stuck,
indicating that fluorescein increases the unspecific interaction of the beads with the surface.
We found that fluorescein photobleached really fast (specially in the absence of an oxygen
scavenger system), which is reported in the literature [Song et al., 1995]. In spite of the fast
photobleaching, we were able to record several images of fluorescent DNA molecules, as
shown in Fig. 1.28.
The experiment could be performed in the absence of beads but employing beads facilitates finding DNA molecules, since it helps them diffuse towards the surface and they can be
visualized in the MT detector. It could also be performed similarly using DNA stained with
the intercalating agent SYTOX Green (employed before in Section 1.6.1) but molecules in
those conditions are difficult to visualize, possibly due to the volume of the bead compared
to the penetration depth, which may put a fraction of the molecule out of the evanescent
wave. In addition, intercalants cleave DNA by generating free radicals, as already reported
[Thakur et al., 2015]. This could be minimized by employing oxygen scavenger systems.
This experiment proved for the first time that we could visualize fluorescence emitted by
long DNA molecules stretched along the field-of-view, confirming that our setup was capable
of studying DNA:protein interactions by detecting fluorescent molecules along a DNA.
Sample: ≈ 50 pM λ DNA with beads stained with 100 nM SYTOX Green or 50 pM
λ DNA-fluorescein DNA in 25 mM Tris pH 7.5, 200 mM NaCl, 2 mM MgCl2 , 0.2
mg/ml BSA, 0.1 % Tween 20, and flowed in a regular anti-dig coated microfluidic
cell passivated with BSA.
Microscope settings: laser power 1 mW, with 0.04 OD filter, camera exposure
time 0.04 s, EM gain 100, EM-CCD temperature −80 °C.
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Figure 1.28: Imaging fluorescently labelled DNA. Fluorescein labelled λ DNA molecules
were horizontally stretched on the surface. The bead is visible due to its autofluorescence. Some
images look blurry because the focus was not optimal (the fast photobleaching of the molecule
hindered proper focus adjustment).

1.6.8 Correlating MT tracking and fluorescent protein
imaging
One of the scopes of this thesis is the study of the DNA binding of the protein ParB of Bacillus
subtilis, which is detailed in Chapter 4 in this dissertation. The monitoring of the fluorescence
emitted by the protein as well as its DNA compaction capabilities were very useful to correlate MT and TIRF signals. The following experiment was published in Madariaga-Marcos
et al., 2018a.
B. subtilis ParB is a centromere-binding protein involved in the segregation apparatus
of low copy number plasmids and a model for chromosome segregation in many bacteria. It
specifically binds to the centromere-like DNA sequence parS, but it also has a non-specific
binding mode responsible for the association with DNA for several kilobases around parS
sites [Breier and Grossman, 2007, Murray et al., 2006]. This necessarily requires the formation of ParB networks. The fact that the non-specific interaction of BsParB leads to DNA
condensation, has been previously shown in our group by using vertical MT at permissive
forces below 1 pN [Taylor et al., 2015]. Nonetheless, MT experiments do not allow to correlate
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Figure 1.29: Imaging fluorescently labelled ParB bound on DNA molecules by combined lateral MT and TIRF microscopy. (A) A TIRF image showing multiple laterallystretched DNA molecules covered with P arB AF . Protein binding illuminates the DNA tethers.
(B) Details of several DNA molecules, where the DNA molecule is visible. (C) Simultaneous bead
tracking and fluorescence imaging for a single DNA molecule condensed by P arB AF . The force
was dropped from 0.9 to 0.3 pN to permit condensation. The reduction in extension (l) coming
from condensation was correlated with the fluorescence kymograph, where the bead is dragged
towards the anchoring point of the molecule. At high force, fluctuations of the DNA molecule
mean that the bead occasionally exits the evanescent wave, and therefore emits no fluorescence.
protein binding and condensation as a function of the force.
We directly monitored BsParB binding to single DNA molecules with our hybrid MTTIRF. Combining these techniques, we were able for the first time to prevent DNA condensation by ParB, while studying the binding of the protein. We used a fluorescent variant of
ParB labelled with Alexa Fluor 488 (ParBAF ) to identify protein binding by fluorescence. As
shown in Fig. 1.29 A, several DNA molecules are laterally pulled, and the DNA-ParBAF filament is visible under TIRF microscopy. In this particular example, about ten DNA molecules
could be observed in the same field of view, proving the parallelization capabilities of our instrument. Note however that not all of them had the entire DNA filament visible. Due to the
limited excitation volume produced by TIRF and the tilting of the DNA, the DNA fragment
close to the bead remains invisible for the evanescent wave, because it is out of it. The visible
length also depends on the position of its anchoring point on the bead, resulting in certain
variability in visible lengths from molecule to molecule. Details of several DNA molecules
are shown in Fig. 1.29 B. The visible region of filament could be extended by increasing the
length of the DNA, the intensity of the laser, and/or by changing the incident angle of the
beam to increase the penetration depth of the evanescent field. Our experimental conditions,
however, require a high concentration of fluorescence protein and the illumination region
must be restricted to a few hundreds of nm to minimize background illumination.
To correlate DNA extension data from MT and fluorescence signal from ParBAF , the
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force was reduced using lateral magnets to allow ParBAF to condense the DNA. A sample
curve can be seen in Fig. 1.29 C, where the force is reduced from 0.9 to 0.3 pN to allow
condensation of the DNA by the protein. As can be noticed, the tracking from MT perfectly
correlates with the fluorescence kymograph, demonstrating the capabilities of our laterally
pulling module to be coupled and correlated with fluorescence microscopy. The fluorescence
data indicate that condensation is not dependent on the formation of condensation clusters,
but rather a uniform and independent process occurring along the full DNA molecule. This
combined setup allowed us to visualize for the first time the binding of ParB to DNA at
the single-molecule level while applying a constant and controlled non-permissive force for
condensation.
Sample: λ/2 DNA with 1 µm beads (Myone Dynabeads) and 500 nM ParBAF in
ParB reaction buffer (see buffer list).
Microscope settings: laser power 1 mW, with 0.04 OD filter, camera exposure
time 0.04 s, EM gain 100, EM-CCD sensor temperature −80 °C. CCD acquisition
frequency was 120 Hz.

1.7 Conclusions
In conclusion, we have built a setup combining MT and TIRF which can simultaneously
exert a controlled force and visualize protein molecules bound to DNA. Our MT setup is
based on an inverted microscope and this makes it convenient to implement objective type
TIRF microscopy. Briefly, we perform TIRF by focusing a 488 nm laser source in the back
focal plane (BFP) of a high numerical aperture objective which creates an evanescent wave
of exponentially-decreasing intensity and a penetration length of few hundreds of nm. We
use two separated detectors to visualize the emission of the fluorophores in the sample and
the magnetic beads.
The evanescent field is generated by displacing the laser beam from the central axis of
the objective with a micrometric screw coupled to a micrometric linear stage. The use of the
linear stage allows us switching between epifluorescence and TIRF microscopy, and it also
prevents optical aberrations (i.e. astigmatism) generated in the beam when displacing or rotating other optical elements, as it has been reported in systems by other authors [Mashanov
et al., 2003]. Moreover, it gives the possibility to change the penetration depth (d) of the field
by varying the incident angle.
We have proved that our setup works properly as independent MT, fluorescence imaging
and, importantly, for combined measurements, with a series of characterization experiments
that helped us exploit the advantages and learn the limits of our instrument. To this end, we
have used a wide range of fluorophores to visualize superparamagnetic beads, DNA and proteins and to measure the resolution of our setup. As a sensitivity hallmark, we have proved
that our instrument has the resolution to detect single fluorophores, and a spatial resolution
of around 400 nm. The use of torsionally constrained DNA has permitted calibrating the
penetration depth of the evanescent wave in a precise way, yielding to a value of around 170
nm. Furthermore, we show the simultaneous MT tracking and fluorescence imaging capabilities of our setup by tracking fluorescently labelled superparamagnetic beads with MT and
TIRF imaging at the same time. We also demonstrate the potential biological applications by
measuring the binding of the fluorescently labelled protein ParB. Altogether, these experiments demonstrate that our custom-built MT-TIRF is a perfectly valid apparatus to study
DNA:protein interactions at the single-molecule level.
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2.1 Motivation
As we have seen in the previous chapter, both MT and TIRF experiments, as well as combined MT-TIRF ones, take place in a flow cell environment. This experimental condition
is necessary because proteins need to be in certain buffer conditions, which are normally
physiological or close to physiological [Ellis and Morrison, 1982], but it is also useful to allow
the exchange of reagents in the experiment. This is crucial in experiments that need to be
triggered by ligands, i.e. helicases which need ATP [Lee et al., 2013, Carrasco et al., 2013,
Gollnick et al., 2015, Hodeib et al., 2016], or require sequential addition of proteins, such as
SMC protein recruitment by ParB [Sullivan et al., 2009], or DNA repair complex formations
[Wyman et al., 2004].
The most straightforward approach to make a flow cell is to fabricate a home-made
single-channel flow cell. Commercial solutions are available for sophisticated applications,
but for MT and TIRF, home-fabricating the flow cells is the most widespread approach. Furthermore, this gives versatility in the design and fabrication procedure. These cells are normally limited to a number of experiments and are then discarded. The affordability of the
microscope slides and the double-sided tape or parafilm as well as the simple fabrication procedure makes them worthless to recycle, with the exception of those made of quartz slides
[Selvin and Ha, 2008, Chandradoss et al., 2014].
Simplest flow cells are normally fabricated using two coverslips or microscope slides
(made of glass or quartz) with a channel in between. This channel can be created using a
gasket made of paraffin wax (parafilm) or double-sided tape (see Fig. 2.1) [Streets and Huang,
2014]. The volume of the flow cell can be controlled by modifying the dimensions (length,
width and depth) of the channel and the number of gasket layers, as well as the gasket
material, i.e. double-sided tape, which is thinner, or parafilm, which is thicker [Brewer and
Bianco, 2008].
Reagents can be then introduced in different ways including pipetting [Bithi and Vanapalli, 2017] or sucking with a piece of paper [Cross et al., 2016]. However, these methods can
generate uncontrolled and turbulent flow-rates that could shear DNA tethers. This can be
avoided by introducing reagents in a controlled way using a syringe pump [Sochol et al., 2012,
Roman et al., 2015, Gollnick et al., 2015], which is the most widespread method. In some cases,
flow cells are afterwards sealed to perform the experiment [Cross et al., 2016]. However, the
most convenient experimental scenario is to maintain, at least, an inlet and an outlet open
for reagents exchange [Brewer and Bianco, 2008, Janissen et al., 2014, McAndrew et al., 2016].
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Figure 2.1: Scheme of the simplest flow cell employed in single-molecule experiments.
It is typically composed of two coverslips (one of them drilled) and a parafilm or double-sided
tape gasket (composed of one or two layers). The coverslips sandwich the gasket allowing to flow
reagents in and out.

While this system, comprising a single-channel flow cell and a syringe pump, is useful
and precise enough in a vast variety of single-molecule assays [Tanner et al., 2008, Lipfert
et al., 2011, Graham et al., 2014, Kemmerich et al., 2016a, Song et al., 2016], it has a main limitation. A fast exchange of reagents is not possible without working under very high flow rates,
thus disturbing the biological system in the flow cell, which impedes performing sophisticated experiments. Furthermore, the velocities employed not to perturb the system usually
lead to the generation of a reagent gradient in the flow cell (see top panel in Fig. 2.2) [Brewer
and Bianco, 2008, Gollnick et al., 2015]. This has been particularly important in studies involving helicase-triggering by ATP addition [Lee et al., 2013, Gollnick et al., 2015, Hodeib et al.,
2016], where the ATP gradient leads to a non-instantaneous start of the translocation by the
enzyme. For very precise measurements it is thus desirable to have a very fast exchange of
reagents with minimal diffusion.
In the context of fluorescence experiments, it is also interesting to be able to rapidly
and/or briefly expose a sample to the fluorescent probe. For instance, intercalating agents
generate free radicals upon excitation which damage nucleic acids [Thakur et al., 2015]. In
many fluorescence measurements, these agents are employed to visualize DNA, then washed
away and subsequently substituted by fluorescently labelled proteins [van Loenhout et al.,
2012]. A precise control of rapid buffer exchange is a considerable improvement for such
applications.
The proposed solution for this thesis, and also widely explored in the literature, is the
implementation of multistream laminar microfluidic cells consisting of at least two inlets
and one outlet (see bottom panel in Fig. 2.2). In this scenario, because of the nature of laminar flow, a fast exchange of reagents is achieved while diffusion is minimized [Çengel and
Cimbala, 2006, Brewer and Bianco, 2008]. These flow cells are home-designed and fabricated
following the two coverslip approach, as in the case of the single-channel ones. More complex and miniaturized flow cells can be fabricated using polydimethylsiloxane (PDMS) chips,
but these are beyond the scope of this work [Sochol et al., 2012, Roman et al., 2015].
We will show that a thorough design lead us to the fabrication of optimal flow cells, with
minor modifications of the flow cell holder. Cells were fully characterized in terms of linear
velocity and transverse diffusion, which ultimately affect the experimental performance.
In this chapter, the theory of laminar flow as well as the design and characterization of
homemade microfluidic cells for sophisticated and fast reagent exchange will be discussed.
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Figure 2.2: Diffusion in single-channel flow cells. When introducing a reagent, for example ATP or proteins, in a flow cell in buffer conditions, the reagent will diffuse making a
concentration gradient which may be undesirable for precise experiments (top panel). Using
two-inlet multistream flow cells can overcome this problem (bottom panel).

2.2 Laminar flow theory
By definition, a flow is laminar when it follows the contour lines of the channel confining it,
as depicted in Fig. 2.3 A. On the contrary, in a turbulent flow the contour lines of the channel
are not followed and swirls are generated (see Fig. 2.3 B) [Çengel and Cimbala, 2006]. Under
laminar flow conditions, the Reynolds number of the system (which depends on the fluid,
the velocity and channel dimension) must be below 2000. This calculation will be computed
and discussed for different flow cells in the following section.
If this condition is satisfied, parallel streams of a fluid running through a single channel
will flow parallel but will not mix [Brewer and Bianco, 2008], making laminar flow cells interesting for single-molecule applications. This permits a sophisticated exchange of reagents in
our proposed two-inlet flow cells and keeps the setup simple, making minor modifications
to a classical MT cell holder.
Importantly, laminar flow generates a parabolic velocity profile, which is maximum in
the center of the channel (as in Fig. 2.3 A). Because experiments in MT and TIRF (and
thus MT-TIRF) can be affected by drag forces, which depend on the linear velocity in the
surroundings of a bead, it is important to estimate this velocity around a bead, in the vicinity
of the surface. This was done in [Madariaga-Marcos et al., 2018a] and will be discussed later
on this chapter.
Finally, another interesting feature of laminar flow is that the major source of reagent
mixing between streams is transverse diffusion (see Section 2.2.3 and Fig. 2.4). It is important to take this diffusion in consideration since it can affect MT-TIRF experiments, so
estimations of the transverse diffusion for our particular flow cell dimensions will be calculated.
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Figure 2.3: Laminar flow and turbulent flow conditions. Under laminar flow, the generated velocity profile is parabolic and the velocity lines follow the pipe. When the flow is turbulent,
however, the flow profile is flat and velocity lines are random and swirls are generated [Çengel
and Cimbala, 2006].

The following sections will focus in detail in the theoretical parameters concerning a
laminar flow. Specific calculations for flow cells developed in this chapter will be carried out
in Section 2.3.

2.2.1

Reynolds number

The Reynolds number (Re) characterizes the movement of a fluid. It is a dimensionless
quantity, widely employed in fluid mechanics, whose value determines if a fluid follows a
laminar or turbulent flow [Çengel and Cimbala, 2006]. For values Re < 2000, the fluid is
laminar, while for higher values it is turbulent.
The Reynolds number is defined as the relation between the inertial and viscous forces
and is calculated as:
ρ Lchar 3 vt
ma
Lchar ρvmean
Re =
2 =
2 =
v
η
η vshear Lchar
η Lchar Lchar

(2.1)

Where ρ and Lchar are the density and characteristic dimension of the fluid, v and vmean
are the maximum and the average linear velocity of the fluid, respectively, and η is the dynamic viscosity of the fluid.
In a circular pipe, the characteristic dimension Lchar corresponds to the diameter of the
pipe, this is, for a pipe of radius r, 2r. The final expression we obtain is:
Re =

2rρvmean
η

(2.2)

where vmean is the linear velocity related to the applied flow rate, η is the dynamic
viscosity of the fluid, ρ the density of the fluid and r is the radius of the circular pipe. If the
geometry of the channel is not circular, an equivalent radius can be used in the calculation.
For example, in the case of rectangular geometry, the equivalent radius for circular geometry
is r = (d · w)/(d + w), where d and w are the depth and width of the rectangular channel,
respectively.
Calculation of the Reynolds number in the case of our cells is provided in Section 2.3.1.
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2.2.2

Parabolic velocity profile

Because experimentally only the flow rate can be controlled and drag forces can affect forces
exerted in MT, it is important to calculate the velocity in the vicinity of the surface of the
channel. This is particularly relevant in experiments happening in the surface, as is the case
of MT-TIRF experiments, because the velocity profile of the flow is parabolic. Therefore, it is
interesting to know the linear velocity in the surroundings of a micron-sized bead near the
surface. The dimensions of the channel, the cross section specifically (w · d), as well as the
applied flow rate, will affect the linear velocity in the cell and around a bead.
The flow rate in the channel is defined as [Çengel and Cimbala, 2006]:
Q = vmean · (w · d)

(2.3)

where d and w are the channel depth and width, respectively and vmean is the mean
linear velocity of the fluid in the channel.
In the case of a standard home-fabricated flow cell, which can be considered like two
parallel infinite plates, the Navier-Stokes equations for an incompressible viscous fluid have
an analytic solution. Assuming a steady, parallel and one dimensional flow with no slip
boundary conditions [Çengel and Cimbala, 2006], this gives a parabolic profile velocity expression:
vf low (z) = vmax · (

1 − r − z2
)
r2

(2.4)

where vmax = 2 · vmean , r is the equivalent radius defined as r = (d · w)/(d + w) and
z is the distance from the surface. In this case of an MT experiment, we are focusing on the
lower surface, but the problem is symmetrical.
To obtain the mean velocity in the surroundings of the bead, the velocity profile along
the diameter of the bead must be integrated. The integration is computed as:
vf low

1
=
2R

Z

(z+R)

vmax (
(z−R)

1 − (r − z)2
3z(z − 2r) + R2
)dz
=
−v
max
r2
3r2

(2.5)

The result for our particular flow cells is provided in Section 2.3.2.

2.2.3 Transverse diffusion
Transverse diffusion (see Fig. 2.4) is the main way in which two streams mix away from
a channel junction. In the center of the flow cell, transverse diffusion can be calculated
according to Einstein’s Brownian motion equation [Kamholz and Yager, 2001]:
hx2 i = 2Dt , where D =

KB T
3πηa

(2.6)

where t is the diffusion time and D is the diffusion constant. Substituting that and
t = L/vmax we obtain:
hx2 i =

KB T L
3πηavmean

(2.7)

Where T is the temperature, L is the distance from the position of the junction of both
inlets to the point in where diffusion is measured, η is the viscosity of the fluid and being a
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Figure 2.4: Transverse diffusion in a two-stream laminar flow channel. For particles
diffusing in the flow cell (yellow), the further from the inlets, the bigger the transverse diffusion
is, according to Equation 2.7.

the molecular radius of the molecule of interest. As mentioned before, vmean is the mean
velocity in the channel, whereas the velocity is maximum in the center of the flow cells.
However, it has been demonstrated [Ismagilov et al., 2000] that due to the parabolic
velocity profile of the laminar flow, transverse diffusion in the vicinity of the surface of
the flow cell, where MT and TIRF experiments take place, is different from Equation 2.7.
Transverse diffusion close to the surface of the flow cell can be approximated as:
1
1
KB T dL 3
DdL 3
) ∝(
)
x∝(
vf low
6πηavf low

(2.8)

Where D is the diffusion constant mentioned above, d is the depth of our flow cell
(200 µm) and L is again the distance from the junction position to where diffusion is measured. This yields to higher transverse diffusion values than those measured in the center of
the flow cell, in terms of depth.
Transverse diffusion calculations for our particular flow cells are provided in Section
2.3.3.

2.3

Calculations for our particular flow cells

In this section, the magnitudes and parameters used for our calculations will be described.
Our experiments are performed in water-based buffers, so the dynamic viscosity and density
of the fluid were considered as those of water, η = 10−3 Pa s and ρ = 1 g cm−3 . Experiments
are performed at room temperature (RT), meaning that T = 300 K.
Our flow cells have an depth (d) of 200 µm because they were made of 2 layers of
parafilm, and have a width (w) of 3 or 7 mm, as it will be indicated. Beads of 1 µm diameter
were employed so R = 0.5 µm. Other parameters will be discussed in their corresponding
section.
See Table 2.1 for all the parameters employed in the theoretical calculations.
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Parameter

Value

Units

Description

η
ρ
d
w
r
R
T
L
a

10
1
200
3 or 7
187.5 or 190
0.5
300
10
4.5
3 · 10−3

Pa s
gcm−3
µm
mm
µm
µm
K
mm
nm
m · s−1

Dynamic viscosity of the fluid
Density of the fluid
Depth of the flow cell
Width of flow cell
Equivalent radius on circular pipe for a 3 or 7 mm cell
Radius of the bead
Temperature
Distance from the channel junction
Molecular radius of a ∼ 32 kDa protein
Mean velocity in the channel

vmean

−3

Table 2.1: Parameters used in all the theoretical calculations performed along this
chapter.

2.3.1 Reynolds number calculation
Microfluidic cells usually have channel depths of 5 − 500 µm, with channel widths up to 2
mm [Çengel and Cimbala, 2006, Brewer and Bianco, 2008]. We will show that our flow cells
(with width in a range of 3 − 7 mm, see the Technical Developments section) are suitable for
laminar flow experiments by calculating the maximum Reynolds number of the system. This
is an important calculation because it will determine whether our flow cells are in laminar
flow conditions (Re < 2000) or not.
In this case, vmean ≈ 3 · 10−3 m · s−1 for the maximum flow rate that we apply in our
experiments, around 250 µl/min, η = 10−3 Pa s and ρ = 1 g cm−3 , considering we have a
watery buffer.
As mentioned before, d ≈ 200 µm. In our widest flow cells, w ≈ 7 mm and we obtain
an equivalent radius of r ≈ 190 µm. This gives a Reynolds number of Re ≈ 0.001 ≪ 2000,
according to Equation 2.2. Thus our system is always under laminar flow conditions, and
we can use simple coverslip-based flow cells for reagent exchange experiments.

2.3.2 Linear velocity in surroundings of a bead close to
the surface
For calculating the linear velocity in the vicinity of a bead near the surface, we considered
the dimensions of our channel: d ≈ 200 µm and w ≈ 3 mm or w ≈ 7 mm, giving a cross
section of the cell of 0.6 mm2 (for narrow cells) and 1.4 mm2 (for wide cells).
In the case of narrow flow cells, the equivalent radius is r ≈ 187.5 µm, while for wide
flow cells, r ≈ 190 µm, as previously calculated. R = 0.5 µm for the radius of typically
employed 1 µm Dynabeads and we have considered z = 1 µm, taking into account that in
an MT-TIRF experiment the bead is located near the surface and based on experimental data
presented in Chapter 3. This gives, using Equation 2.5, vf low = 0.0106 vmax , so 1 % of
vmax for narrow cells, and vf low = 0.0105 vmax , therefore, 1 % of vmax . This similarity
was expected from the small difference in the equivalent radius for wide and narrow cells.
In conclusion, the velocity in the vicinity of the bead is 1 % of the velocity determined
from the applied flow rate. In summary, in the flow cells employed in this work, the velocity
in the surroundings of the bead (near the surface) is given by the expression derived from
Equation 2.4:
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vf low = 10−2 ·

2·Q
200 µm · w

(2.9)

being Q the flow rate and w width of the flow cell.

2.3.3

Transverse diffusion calculation

For calculating transverse diffusion around the center of the flow cell, both in terms of depth
and length, we first considered that our experiments are performed at room temperature
T = 300 K. To be in the middle of our flow cell, we considered L ≈ 10−2 m from the
junction of the inlets. a = 4.5 nm for a protein of ∼ 32 kDa, which is the size of ParB, the
protein of interest in this thesis (see Chapter 4). As mentioned before, using Equation 2.7,
η = 10−3 Pa s and, at a flow rate of 250 µl/min, we have vmax = 6p
· 10−3 m · s−1 .
This gives a transverse diffusion distance between streams of hx2 i ≈ 13µm. This is
considerably narrower
than the width of the flow cell w, which in the narrowest case is 3
p
mm, therefore, hx2 i ≪ 3 mm.
To calculate the transverse diffusion close to the lower surface as stated in Equation
2.8, we took into account that d = 200 µm and we can write vf low in terms of vmax , since
we demonstrated earlier that vf low ≈ 0.01 vmax . In this scenario, we get that there is a
transverse diffusion distance of x ≈ 120 µm, which is in agreement with a higher transverse
diffusion in the vicinity of the surface, and is still reasonably narrower than the flow cell.
In conclusion, since we obtained Re ≪ 2000
p and the transverse diffusion is considerably narrower than the width of the flow cell hx2 i ≪ w, we can state that the flow cells
developed and employed in this thesis are suitable for fast reagent exchange under laminar
flow conditions.

2.4

Technical developments

For implementing multistream laminar flow technology, it was necessary to design and fabricate two-inlet flow cells, as discussed in the previous section. A range of flow cells (see
Fig. 2.5) were designed depending on the specific application using the software CorelDraw. Cells with two inlets (Two channel in the figure) were considered for fluorescence
measurements, aiming to exchange between two reagents. Complex flow cells, aiming to
create perpendicular streams (Special streams in the figure), were devised to flow and double
tether DNA molecules by binding both ends to the surface. Then, the protein of interest
was perpendicularly flowed. This is interesting for studying DNA-modifying systems that
form loops or condensates, such as ParB on this thesis. The approach is based on recent
work studying Condensin [Ganji et al., 2018]. The width of the channel in two-inlet flow
cells was also varied. Wide flow cells were designed to resemble the conventional MT cells
in terms of volume and linear velocities, whereas narrow ones were designed because they
are convenient for applying larger linear velocities while spending less reagents.
The next step was the fabrication and testing of the flow cells. All designs, both for
two channel and special streams applications, were fabricated by engraving coverslips and
parafilm in a laser engraver (VLS2.30, Universal Laser Systems), and functionalized as well
as assembled according to the protocol for anti-dig surfaces explained in Appendix E. All
designs were tested by visualizing the obtention of DNA tethers under MT and/or TIRF,
confirming their proper performance.
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Figure 2.5: Different designs for microfluidic cells. Currently, two channel flow cells are
used (see Chapter 4 in this thesis) and the special stream ones are used by Dr. Silvia Hormeño.

Currently, two channel narrow cells and three inlet perpendicular stream cells are under
use. The two channel ones have been essential for the development of this thesis, leading to
the results presented in Chapter 4, while the the special stream flow cells (with perpendicular
channels) are being used in a project carried out by Dr. Silvia Hormeño. Although their use
is beyond the scope of this work, they provide a nice example of more complex applications
of multistream microfluidics.
Besides the geometry of the channel, as mentioned in the previous section, the dimensions of the flow cell are also important, regarding transverse diffusion and linear velocity,
specifically. We considered fabricating flow cells comprising 1 or 2 layers of parafilm, as
depicted in Fig. 2.6. One layer of parafilm (once melted) corresponds to a cell depth of
∼ 100 µm as measured with the caliber, although higher values of around ∼ 125 µm have
also been reported [Brewer and Bianco, 2008]. This gives volumes of ≈ 30 µl for narrow
cells and ≈ 50 µl for wide cells. A double layer of parafilm leads to doubling these volumes.
In principle, one could expect that a lower volume would be more appropriate, because it
requires spending less reagents and permits achieving higher linear velocities. However,
when these flow cells were tested, they resulted worse in terms of bubble generation. Bubbles are often generated in flow cells, specially after long times at room temperature, and are
undesired to work in multistream laminar flow conditions, since they generate turbulence
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Figure 2.6: Two-channel flow cells employed in this thesis. 3 mm wide (60 µl volume)
and 7 mm wide (100 µl volume) flow cells where fabricated and tested for proper performance; 3
mm wide ones are currently under use. Additionally, single-layer cells (30 µl and 50 µl volume,
respectively) where considered, although they were later on discarded because of sub-optimal
performance under bubble generation (see main text).

and thus can affect proper flow cell performance. Bubbles can be generally eliminated by
applying high flow rates or manual pippetting (this is usual when mounting the cell in the
holder). Unfortunately, bubbles are extremely hard to remove from single-layer flow cells,
which hinders their proper performance.
Another interesting point when designing a flow cell is the gasket supply. The first
consideration was parafilm since conventional flow cell gaskets employed in the MorenoHerrero lab are fabricated this way. However, for PEG-based microfluidic cells, double-sided
tape was considered. Interestingly, given that parafilm is heated up to 100 °C to seal flow
cells and that the melting temperature of PEG is ∼ 60 °C, we initially thought heating could
damage the functionalization of the surfaces. After several flow cell batch testing and taking
advantage of further acquired knowledge during the internship in Prof. Dr. Seidel lab (see
Chapter 5), we concluded that parafilm can be seamlessly used as a gasket in PEG-based cells.
Double-sided tape resulted difficult to work with because gasket sandwiching is tougher,
since tape is sticky and parafilm is not. In addition, double-sided tape flow cells are more
prone to leaks, specially double-layer ones. This is probably due to bubbles in layers, but it
also depends on the quality of the tape used. Finally, parafilm gaskets can be cut using our
laser engraver (VLS2.30, Universal Laser Systems), which minimizes turbulence in the edges
of the flow cell and in the two inlets junction. This is due to a more precise cutting than
traditional manual cutting employed in conventional single-stream MT flow cells.
In summary, balancing advantages and drawbacks (see Table 2.2), we concluded that the
best performing flow cells resulted in 3 mm double-layer parafilm flow cells, and employed
them along the development of this thesis.
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Advantages

Drawbacks

1 layer

• Less reagent volume needed
• Higher linear velocities achieved

• Bubble elimination is difficult

2 layers

• Easier bubble elimination

• Higher reagent volumes needed

Parafilm

• Easier to manipulate during assembly
• Can be cut using laser engraver

• Need melting

• No need to melt

• Tend to leak
• More difficult to assemble

Double-sided tape

Table 2.2: Advantages and drawbacks of gasket layers and materials.

2.4.1 Flow cells fabrication and assembly
The protocols for flow cells assembly are included in Appendix E, where the details of cell
sandwiching and sealing are provided.

2.5 Achieving a rapid fluid exchange

Figure 2.7: Performance of two-channel laminar flow cells. Because under laminar flow
two fluids will never mix, the boundary between them can be shifted by altering the flow rate
of each inlet. As long as the flow rate in the central channel is kept constant, the boundary will
be moved rapidly altering the exposure of the flow cell to the reagent of interest. This scheme is
not depicting transverse diffusion effects (see Fig. 2.7) for simplicity, but they are present.
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There are several ways to rapidly exchange sample exposure to reagents. Once a set of
parallel streams is achieved, one could move the sample from one stream to another as it
is done in optical tweezers (see for example [van Loenhout et al., 2013]). However, this is
not possible in MT or TIRF since the sample is attached to the surface. This problem can be
overcome by shifting the boundary between the streams to expose the sample to different
fluids, as is depicted in Fig. 2.7.
The basis of this fast reagent switching relies on laminar flow theory, stating that the two
streams will not mix [Brewer and Bianco, 2008]. Nevertheless, the position of the boundary
between the streams can be altered by controlling the relative flow rate of each stream. As
shown in Fig. 2.7, if the two inlets have the same flow rate, the boundary will be placed in
the middle (see scenario in the middle). If the inlet flow rates are altered but the integrated
flow rate in the central channel is maintained, such as one inlet being 90 % of the flow rate
and the other one being 10 %, the boundary will be shifted towards the low flow rate inlet
(top scenario). If the flow rates in the inlets are inverted, the boundary will shift towards the
other inlet (scenario at the bottom). This allows changing the buffer, protein or ligand in the
flow cell without the need of moving the sample, and is suitable for MT-TIRF experiments.
There are several commercial fluidic systems that can be employed for a fast alternation
based on boundary shifting. A very widely used method relies on pressure pumps (such as
from the company Fluigent S.A., www.fluigent.com), which allow controlling pressure for
inducing changes in flow rates. This is a very valid and widespread method (specially concerning OT); however, we decided to choose conventional syringe pumps to directly control
the flow rates. Specifically, we implemented a pair of computer controlled syringe pumps
(neMESYS Low Pressure module, Cetoni), because we worked with two-inlet flow cells. This
system is very convenient because it allows to incorporate syringe modules as needed by
just coupling them, which facilitates implementation by the user. It allows to operate with
glass syringes ranging from 10 µl to 50 ml. We work with two kinds of syringes, of 1 ml and

Figure 2.8: Examples of typical square-wave flow-profiles employed in the neMESYS
syringe pump system. (A) Alternating flows for long-term measurements. The zoom (shadowed ares) shows the correlated switching of the two channels. (B) Alternating flows for MT
tracking. Notice in the zoom (shadowed area) that at the beginning of the experiments an increasing flow is applied, so that the DNA is affected by the flow steadily and the tracking is not
lost.
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10 ml. The system can be controlled with the commercial software (neMESYS UserInterface)
and also comprises drivers for LabVIEW implementation. Our application can be carried out
with just the commercial software.
The neMESYS UserInterface software allows to separately control the coupled syringe
pumps (two in our case), as well as simultaneous starting and stopping. Furthermore, it
allows implementing automated flow rate variations, called ‘flow rate profiles’, such as sinusoidal, triangular wave or any other user defined settings in a very intuitive way. We used
square waves with maximum rates of 90 % of central channel flow rate and minimum rates
of 10 %, as shown in Fig. 2.8, for an instantaneous shifting of the boundary towards one end
or the other. The system has a resolution of 100 ms (as provided by the manufacturer), so
alternation is well achieved (Fig. 2.8 A). Finally, for experiments involving MT tracking (Fig.
2.8 B) it was necessary to linearly increase the velocity at the beginning of the experiment
for the algorithm to keep the track of the bead. The alternation, similar to the one shown in
Fig. 2.8 A, is then kept until the end of the experiment.
Note that there is another difference with respect to conventional MT microfluidics, because in regular MT experiments the sample is suctioned while in this case both syringes are
injecting it in the flow cell. Once our fluidics system was designed and set up, we carried
out characterization experiments that will be described in Section 2.6. Biological experiments and results involving surface double-tethered DNA under perpendicular flows and
the kinetics of the protein ParB (see Chapter 4) are explained and discussed in Section 2.7.

2.6

Characterization experiments

Figure 2.9: Qualitative assessment of flow cells employing colored buffers. The boundary switching can be appreciated. It can be easier seen in the zoomed area with the guiding line.
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2.6.1

Visual inspection of boundary shifting

The first experiment to test the performance of the multistream flow cells was to use colored
buffers in 7 mm wide cells for visual inspection of the boundary was shifting when the
syringes were alternated. To this end, one syringe contained water with Orange G (SigmaAldrich) and the other one with Acid Blue (Sigma-Aldrich).
The syringes were configured to flow as a square wave at a maximum rate of 190 µl/min
and a minimum rate of 10 µl/min, alternating with a period of T = 2 s. This means that the
boundary was shifted every second.
The results of the experiment can be visualized in Fig. 2.9 where it can be seen, specially
in the zoom panel with the guiding line, how the boundary is shifted, and this corresponds
to syringes being alternated.

2.6.2

Boundary shifting performance and resolution

In order to decipher the time-response and resolution of the multistream device, we monitored the extension of DNA tethers tracked with MT (both vertical and lateral). In this
experiment, narrow (3 mm) flow cells were used, together with a 10 ml syringe and a 1 ml
one. Both syringes were filled with buffer (see below).
Tethers of λ/2 DNA were obtained by mixing DNA with 1 µm sized superparamagnetic
beads in a buffer containing 100 mM NaCl, 50 mM Tris (pH 7.5), 0.2 mg/ml BSA, and 0.1 %
Tween 20, supplemented with 4 mM MgCl2 . Molecules were allowed to bind for 5 minutes
and then the sample was thoroughly cleaned by flowing several flow cell volumes of buffer.
The most representative result can be seen in Fig. 2.10 (panel A for vertical tweezers and
B for lateral tweezers), where a tether’s x, y and z coordinates were tracked as a function of
time under a flow profile of a maximum rate of 90 µl/min and a minimum rate of 10 µl/min,
and a period of 10 s (boundary shifted every 5 s).
In vertical magnetic tweezers, the tracking shows an initial height decrease due to drag
of the flow when it is started and then peaks every 5 seconds in height (z) and in the direction

Figure 2.10: Correct performance of the syringes proved by tracking DNA tethers. (A)
Vertical Magnetic Tweezers (B) Lateral Magnetic Tweezers. Peaks in x and z (vertical) and x and
y (lateral) correlate with changes in flow, showing a correct performance by computer controlled
syringes. Peaks are asymmetric due to differences in syringe volumes (10 ml and 1 ml).
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of the flow (y), corresponding perfectly to a pendulum behavior caused by boundary shifting. Interestingly, different peaks correspond to different syringe volumes. The transverse
direction (x) remains unchanged.
In lateral magnetic tweezers, x (magnetic pulling direction) is decreased corresponding
to a drag by the flow, and peaks are shown in the direction of the flow (y) every 5 seconds. The
z coordinate remains unchanged because the bead is constantly in contact with the surface,
and is unaffected by the boundary shifting.
In conclusion, we corroborated that the resolution provided by the manufacturer (100
ms) works nicely and that shifting is perfectly correlated with syringe alternation.

2.7 Biological Applications
In this section, an overview of biological experiments performed with our homemade multistream microfluidic devices is provided. The first experiment concerning the visualization
of DNA molecules under perpendicular flow streams is beyond the scope of this thesis but
is useful to illustrate possible applications of our fluidics system. The second example is
an overview of all the kinetic rates measurements widely described in Chapter 4. It is included here to be considered as a successful application of our flow cells, although it will be
expanded in Chapter 4.

2.7.1 Visualization of double-tethered DNA on a surface
We aimed to develop perpendicular streams to study DNA-modifying systems that form
loops, for example. To this end, we employed the perpendicular stream flow cells depicted in
Fig. 2.5 to tether DNA molecules by both ends to a surface, while flowing buffer in the perpendicular direction. These experiments were carried out together with Dr. Silvia Hormeño.
In a first experiment, we assessed the formation of double-tethered DNAs by employing
a single-channel microfluidic cell with an anti-dig coated surface. We employed a λ DNA
molecule tailed with dig in both ends. The sample was flown at a flow rate of 100 µl ·min−1
and allowed to incubate, followed by an extensive cleaning of the sample by the introduction
of ≥ 600 µl of buffer, which forced both ends of the DNA to bind. In the left panel of Fig.
2.11, DNA molecules stained with 100 nM Sytox Green in a buffer containing 50 mM Tris
pH 7.5, 100 mM KCl, 2.5 mM MgCl2 , 1 mM DTT and 0.1 mg/ml BSA supplemented with 1
mM Trolox, 20 mM glucose, 8 µg/ml glucose oxidase and 20 µg/ml catalase. DNA molecules
can be observed as straight lines in the absence of flow (yellow arrows), indicating that the
DNA molecules are tethered by both ends. Single-tethered molecules are visualized as blobs.
In a more complex experiment, perpendicular-stream PEG-coated flow cells were employed to monitor double-tethered DNA molecules under a perpendicular flow, using a DNA
λ DNA molecule tailed with bio in both ends. The sample was introduced by the perpendicular channel at a flow rate of 100 µl ·min−1 , followed by the introduction of ≥ 1 ml of
the previously employed buffer to double-tether the molecules. Fig. 2.11 shows that in the
presence of 100 nM Sytox Green and in the absence of flow, molecules are seen as diffusing
lines perpendicular to the direction of the flow (white arrows). In the presence of a flow at
500 µl ·min−1 , molecules form a characteristic ‘U’ shape.
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Figure 2.11: Double-tethered DNA visualization under flow. In a regular single-channel
cell (control), double-tethered DNA molecules were bound to a surface and imaged using the
intercalating agent Sytox green. In the absence of flow, molecules tethered by both ends can be
visualized (yellow arrows), while molecules attached by one end are seen as blobs. In a special
perpendicular streams floe cell, under the same Sytox Green conditions, in the absence of flow
all the DNA molecules are seen as blobs or diffusing lines (white arrows), while under a flow
they are stretched forming ‘U’ shapes by a perpendicular flow.

In conclusion, we proved that our advanced microfluidics are valid to visualize DNA
molecules under complex flows and this could be useful to study proteins that modify the
structure of DNA.

2.7.2 Determining ParB binding and unbinding rates
A very interesting application of fast exchange of reagents in multilaminar flow cells is the
possibility of precisely measuring kinetics of proteins. Because in regular flow cells binding
and unbinding constants (kon and kof f respectively) would be masked by diffusion and slow
exchange times, multistream cells provide the perfect solution to this end.
We were interested in measuring kinetics of fluorescently labelled Bacillus subtilis ParB.
The whole experimental procedure, as well as the results, are fully explained in Chapter 4
in this thesis and in [Madariaga-Marcos et al., 2018b]. By laterally stretching λ/2 DNA and
monitoring fluorescence from ParB, association and dissociation rates could be measured.
One syringe was filled with fluorescent protein and the other with reaction buffer, and by
alternating cycles of protein (green stripes) and buffer (blue stripes), this resulted in a curve
as the one shown in Fig. 2.12.
By fitting association parts and dissociation parts of the curve to exponential equations
derived from a pseudo-first order reaction model, the kon and kof f of the protein of interest,
in this case ParB, were elucidated, which provided insights on the kinetics of the protein. All
the detailed results are provided in Chapter 4.
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Figure 2.12: Fluorescence intensity measurements of binding and unbinding constants. As detailed in Chapter 4, by exposing fluorescently labelled protein-coated DNA
molecules to buffer (blue) or fresh protein (green) conditions, association and dissociation constants can be measured. Increase in fluorescence intensity corresponds to protein injection
(green), while decrease corresponds to buffer injection (blue).

2.8

Conclusions

In summary, we implemented a device based on multistream laminar flow technology that
allows a very fast exchange between reagents that minimizes diffusion. This is based on two
computer-controlled syringe pumps and home-fabricated two-inlet flow cells.
We have designed and fabricated a range of flow cells comprising different gasket designs, materials and channel depths, and concluded that two-inlet double-layer parafilmbased flow cells were the most suitable ones for our studies.
Our device has been shown to operate with a time resolution of 100 ms and has a minimized lateral diffusion compared to the width of the central channel. We have also proved
that the switching of the syringes is correlated with boundary shifting by MT tracking and
visual inspection using colored buffers. The applicability of more complex flow cells has
been demonstrated by imaging double-tethered fluorescently labelled DNA molecules under
perpendicular flows. Finally, the system has been successfully applied to study the binding
and unbinding of the protein BsParB, and the biological conclusions are described in Chapter
4.

79

3 | Determination of forces in
Lateral Magnetic Tweezers
3.1 Motivation
In recent years, there has been an increasing interest in combining force spectroscopy with
fluorescence microscopy [Hinterdorfer and van Oijen, 2009, van Mameren et al., 2008]. These
combined setups, built upon magnetic tweezers (MT), optical tweezers (OT), and atomic force
microscopy (AFM) are powerful tools permitting manipulation of individual molecules at
the same time they are visualized. For example, DNA has been directly visualized with fluorescence microscopy using intercalating dyes during mechanical disassembly of viruses by
AFM [Ortega-Esteban et al., 2015], and proteins involved in DNA repair have been directly
observed while their mechanical action on the DNA was probed with OT [Brouwer et al.,
2017]. Thus, these are useful techniques to couple the mechanical properties of biomolecules
with DNA-protein interactions monitored in parallel [Forties and Wang, 2014].
Experimental setups combining OT with epifluorescence/super-resolution or AFM with
total internal reflection fluorescence (TIRF) microscopy have been reported in the literature
[Chacko et al., 2014, Heller et al., 2013, Hain et al., 2016, Lin and Ha, 2017, Sarkar et al., 2004,
Whitley et al., 2017], and are even commercially available in some particular cases. In contrast, only a few studies have been reported on combinations of MT and fluorescence - in
particular TIRF microscopy [Brutzer et al., 2012, Oliver et al., 2011, Guo et al., 2015, Graves
et al., 2015, Cross et al., 2016]. The strength of combining these two techniques relies on
the advantages they have separately. On one hand, magnetic tweezers permit the simultaneous tracking of several individual (non)torsionally constrained DNA molecules anchored
on the surface of a flow cell, while a force is applied in a controlled manner [Strick et al.,
1998]. On the other hand, TIRF microscopy exhibits a superior signal-to-noise ratio over
other fluorescence-based techniques. TIRF microscopy relies on illuminating the sample
with an incident angle higher than a critical angle, generating an evanescent field that only
reaches a few hundreds of nm from the experimental surface. Hence, the excitation of fluorescence probes is limited to that volume [Axelrod, 2001, Martin-Fernandez et al., 2013]. The
drawback, however, is that, to fully exploit the advantages of TIRF microscopy, long DNA
molecules need to be stretched across the surface of the flow cell. Methods to stretch DNA
molecules across a glass surface include DNA combing [Bensimon et al., 1995], and their variations to spread DNA fibers and chromosomes [Parra and Windle, 1993]. DNA molecules can
also be tethered between two defined locations on a glass surface generating the so-called
DNA curtains [Fazio et al., 2008]. However, in both methodologies the force applied to the
DNA molecules/fibers cannot be easily inferred. One of the most widespread manners of visualizing fluorescent DNA molecules on a surface at the same time they are sensing a force
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is to stretch them under a continuous flow [van Mameren et al., 2008, Lu et al., 1998, Graham
et al., 2014]. Note however that the force applied to flow-stretched DNA is not constant along
the DNA molecule, being larger at the anchoring point than at the tip, and thus it is also difficult to estimate [Price et al., 2015]. Here, we argue that a way to have accurate control of
the pulling force in combined systems with TIRF microscopy is by using lateral magnetic
pulling.
Lateral magnetic pulling, perpendicular to the optical axis, of DNA molecules has been
already reported, using multiple strategies to tether the magnetic beads [Cross et al., 2016,
Yan et al., 2004, Danilowicz et al., 2003, Fu et al., 2006, Schwarz et al., 2013, van Loenhout
et al., 2012, Smith et al., 1992], but a thorough analysis of force calculation is still missing.
Pioneer studies used the angle described by a tethered bead subjected to simultaneous lateral pulling and perpendicular flow stretching to infer the applied force [Smith et al., 1992].
Other authors tethered a DNA hairpin to a round capillary that was subsequently unzipped
providing a fingerprint for force estimation [Danilowicz et al., 2003]. However, the use of a
round capillary made it difficult to measure anchoring points on the surface, possibly leading to underestimation of the extensions. More recently, the magnetic force was calibrated
based on the Stokes drag force experienced by magnetic beads in glycerol, but not in the
standard buffers employed to study DNA-protein interactions [Danilowicz et al., 2014]. In
other works, a duplex DNA molecule was tethered between two beads, one was held by a
micropipette while the other one was laterally pulled by a magnet [Yan et al., 2004, Fu et al.,
2006]. This is advantageous for proper extension determination since both beads could be
placed in the same focal plane, but lack the parallelization that is desirable when using MT in
single-molecule experiments. Recently, lateral MT combined with fluorescence has been implemented by some groups [Cross et al., 2016, Schwarz et al., 2013, van Loenhout et al., 2012],
but with limited reference to force determination.
The work comprised in this chapter describes the design of a module to apply forces to
laterally stretch DNA which could be easily implemented in different MT setups. Included
is a methodology to determine the force exerted on laterally-pulled DNA molecules based
on thermal fluctuations of the bead, as used in standard vertical MT [Smith et al., 1992, Strick
et al., 1996]. Both cover-glass flow chambers and glass capillaries were characterized, and
the advantages and drawbacks of each fluidic system were discussed. Finally, for the sake of
comparison, we have also measured drag forces on flow stretched DNA molecules attached
to beads. This chapter is entirely based in the work "Force Determination in Lateral Magnetic
Tweezers combined with TIRF microscopy" published in the journal Nanoscale, to where the
reader can also refer [Madariaga-Marcos et al., 2018a].

3.2

Development of parts and assembly

As a reminder of Chapter 1, in vertical MT, a pair of permanent magnets aligned with the
optical axis pulls superparamagnetic beads tethered to the flat surface of a flow cell by DNA
molecules (Fig. 3.1 A). Flow cells are commonly made with a paraffin wax film (parafilm)
sandwiched between two glass coverslips. The force range depends on the magnet-bead distance, which is limited by the thickness of the flow cell, and on the bead size. For instance,
in our vertical MT the combination of two-parafilm layer cells (200 µm thickness) and 1 µm
beads achieve 3 − 4 pN of maximum force. The position of the bead at different focal planes
can be tracked by optical microscopy. The determination of the extension relies on measuring the distance between a tethered bead and a reference bead, fixed on the surface. This
geometry assumes that DNA binds along the central axis of the bead, which rarely occurs.
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Figure 3.1: Different setups for vertical and lateral pulling of DNA. (A) Conventional
vertical magnetic tweezers. Magnets approach from the top to a regular flow cell and are aligned
with the optical path. (B) Lateral magnetic tweezers based on a regular flow cell. In this configuration, magnets approach from one side of the cell, stretching the DNA tethers along the surface.
Magnets are coupled to a home-built module that allows their positioning and movement with
sub-micron precision (Table 3.1). (C) Lateral magnetic tweezers in a glass square capillary.
A square capillary is held by a home-made module that also allows rotation with mrad (0.1°)
precision. The capillary was tilted ∼ 5° and this facilitated the alignment of DNA tethers to
the horizontal plane. This setup is also compatible with vertical pulling as performed in panel
A. (D) DNA flow-stretch experiments. A DNA tether is stretched under flow, in the absence of
magnetic force. The drag force stretches the molecule across the surface.

However, for most applications one is interested in relative changes in extensions and these
can be accurately determined with a few nanometers precision [Vilfan et al., 2009]. When
combined with fluorescence the vertical magnets configuration is not convenient because
molecules are stretched along the axis of visualization. In order to visualize proteins interacting with the DNA, the polymer should be extended across the surface, perpendicular to
the optical axis, and this can be done by lateral magnetic pulling.
A lateral pulling module was designed and custom built together with Dr. Fernando
Moreno-Herrero by using a pair of permanent magnets (Q-05-05-02-G, Supermagnete) connected to a linear piezoelectric motor (Piezomotor) [Fig. 3.1 B, See Table 3.1 for a list of components and [Madariaga-Marcos et al., 2018a] for technical drawings. This module allowed
positioning of the magnets along the optical axis, just above the flow cell with micrometer
precision using translation stages (Newport). The piezoelectric motor drives a plastic rod
with the magnets at the end that can be moved over 15 mm range. The motor incorpo-
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Description
Piezoelectric translation motor
Piezoelectric motor controller
Encoder
Translation stage
Bracket to breadboard
Coupling between stages
Coupling to motor

Manufacturer

Reference

PiezoMotor
PiezoMotor
PiezoMotor
Newport
Home made
Home made
Home made

LL1011A
PMD101
102822
M-MR1.4

Comments

Need two units
See [*] for technical drawing
See [*] for technical drawing
See [*] for technical drawing

Table 3.1: References to the components of the Lateral Magnetic Tweezers Module. Technical drawings can be found in * [Madariaga-Marcos et al., 2018a].
rates an encoder that provides a measurement of the position of the magnet and this enables
close-loop operation with sub micrometer precision. Custom-scripts were implemented to
ease the calibration procedure and to allow complete automation of magnet positioning (see
below). In the lateral MT depicted in Fig. 3.1 B, the flow cell is identical to the one used in the
conventional vertical magnets configuration. DNA molecules are thus tethered as in vertical
MT, but instead, pulled laterally using a pair of magnets that arrive from one side of the
flow cell. This procedure allows stretching of DNA molecules in the visualization plane. The
lateral pulling module can be easily implemented in an already working MT setup, making
minor modifications to the sample cell holder.
The Lateral magnetic tweezers were incorporated into an already running vertical magnetic tweezers setup assembled as described previously [Strick et al., 1998]. Vertical magnetic
tweezers used two magnets (W-05-N50-G, Supermagnete) in horizontal configuration held
in an iron yoke leaving a gap of 2 mm between them. For standard single- or double-layer
flow cells, the origin position of the lateral magnet was set as follows. The vertical origin
(z = 0) was set to the point where magnets touch the sample cell, plus a small offset for
safety (0.2 mm). The horizontal origin was set to the point in which the vertical magnet
fully covers the microscope objective, as determined from the optical image. These manual
alignments of the lateral magnet resulted in slightly larger variability between flow cells,
compared to the vertical magnet configuration. For the capillary, the zero position of the
magnets was defined by slight contact with the capillary.
Lateral pulling has been reported before in setups in which the sample is introduced in
a square glass capillary and pulled laterally from one side [van Loenhout et al., 2012, Schwarz
et al., 2013]. The advantage of using capillaries is that minor sample volumes are needed,
and that by rotating the capillary the DNA molecule can be oriented perpendicular to the
visualization axis [Vlijm et al., 2015b]. We implemented a device to hold and rotate glass
capillaries for lateral magnetic tweezers (see Fig. 3.1 C, see Table 3.2 for a list of components
and [Madariaga-Marcos et al., 2018a] for technical drawings). The device comprises a rotary
motor (Piezomotor) connected to a glass capillary tube (Vitrotubes) by a timing belt and
pulleys as shown in Fig. 3.1 C. The motor also incorporates an encoder enabling closedloop operation, permitting us to control the rotation angle with a precision of 1 mrad. This
capillary module allows the user to subtly rotate the capillary to either ensure a perfect
surface flatness suitable for vertical pulling or to tilt the surface to ensure perfect alignment
of the DNA in xy plane when pulled laterally.
An alternative way to force-stretch DNA molecules across a surface is by applying a
constant flow [van Mameren et al., 2008, Lu et al., 1998]. Often this methodology is combined
with fluorescence to visualize DNA molecules while they are being stretched by the flow. In
flow-stretch experiments, the free DNA end experiences wide fluctuations due to the low
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Description
Piezoelectric rotary motor
Piezoelectric motor controller
Timing belt
Timing belt pulley
Ball bearing
Brass tube
Glass capillary
Capillary holder
Motor holder

Manufacturer

Reference

PiezoMotor
PiezoMotor
RS
RS
RS

LR17
PMD101
778-5039
778-4752
612-5745

Vitrotubes
Home made
Home made

8320

Comments

One unit
Two units
Four units
1 mm diameter
0.2 mm x 0.2 mm cross section
See [*] for technical drawing
See [*] for technical drawing

Table 3.2: References to the components of the Capillary Holder and Rotation Module.
Technical drawings can be found in * [Madariaga-Marcos et al., 2018a].
drag force applied at the tip and this impedes a precise measurement of the extension of
the DNA and the estimation of the average applied force. In order to determine the end
position of the DNA we performed flow-stretch experiments on tethered DNA molecules
with a micrometer size bead attached at the distal end of the DNA (Fig. 3.1 D). The use
of a bead at the DNA end allowed measurement of the extension with few nm precision.
In addition, this approach allowed us to exert constant and larger forces along the DNA
tether compared to DNA flow-stretching experiments [Price et al., 2015]. Using these data
and Stokes’ Law we estimated the velocity of the flow in the vicinity of the bead (see below).

3.3

Force calibration formalism

3.3.1 Forces in flow cells
In magnetic tweezers, forces acting on a tethered bead are calculated by measuring the Brownian fluctuations of the bead and the extension of the DNA molecule [Strick et al., 1996]. This
force is computed using Equation 3.1, where KB is the Boltzmann constant, T is the temperature, l is the extension of the molecule, and hdy 2 i is the variance of the fluctuations of
the bead in the transverse direction, perpendicular to the optical axis.
F =

KB T l
hdy 2 i

(3.1)

Bead x, y and z coordinates are inferred from the diffraction rings of the bead in an
out-of-focus optical image. The in-plane coordinates (xy) of the bead are obtained from
cross-correlation analysis of an image with its mirrored image and the vertical position (z)
by comparing diffraction rings patterns from a calibration look-up-table taken on a fixed
reference bead [Vilfan et al., 2009, Gosse and Croquette, 2002]. Fluctuations are analyzed
in the frequency domain using power spectral density analysis [Daldrop et al., 2015]. Our
software also includes corrections for camera blurring and aliasing artifacts, which arise
from finite camera acquisition frequencies and shutter time [te Velthuis et al., 2010, Wong
and Halvorsen, 2009].
We have first considered the simplest scenario where the DNA is attached to the central
axis of the bead at its lowest part (Fig. 3.2 A). In this case and for vertical tweezers, the DNA
extension coincides with the distance between DNA- and Ref-bead centers, which is the z
value that the magnetic tweezers setup provides. When pulling laterally (Fig. 3.2 B),
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Figure 3.2: Measurement of the force in lateral magnetic tweezers in regular flow
cells. (A) A cartoon of the geometric representation of extension (l) measurements in vertical
pulling, considering the DNA molecule is attached to the lowest part of the bead. (B) A cartoon
of the geometric representation
of extension measurements in lateral pulling. The extension is
√
computed as l = x∗2 + z ∗2 . This assumes that the DNA is attached analogously to vertical
pulling. (C) Position coordinates (x, y, z) and extension (l) of a DNA molecule measured in a
lateral pulling cycle, where the force is first suddenly increased (by moving the magnet to the
closest position) (t = 20 s) and then decreased, in a stepwise manner. This produces a fast
increase of the x signal and a small peak (arrow) that occurs just before the lift-off of the bead
from the surface (left dashed line). The bead rests again at the surface beyond t = 95 s where
the z measurement is close to zero (black arrow, and right dashed line), and the x coordinate
recovers its maximum value.
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it is advantageous to keep the same magnet orientation as in vertical pulling because the
axis of the fluctuations (y) is maintained in both vertical and lateral pulling configurations.
In this sense, the same acquisition and software analysis can be used to calculate the force
using Equation 3.1. The extension of the DNA, however, has to be calculated considering
x and z coordinates of the bead. In standard flow cells made of two cover slides, the DNA
end coordinates at the bead (x∗ and z ∗ ) can be determined using Equation 3.2, Equation
3.3 and Equation 3.4:
x∗ = x − R cos α

(3.2)

z ∗ = z + R (1 − sin α)

(3.3)

α = tan−1

z+R
x

(3.4)

where R is the bead radius and α the angle formed by the DNA molecule and the surface
(Fig. 3.2 B). A precise measurement of x needs to consider the attachment point of the
DNA on the surface. This is determined as the center of the projected circle described by
a tethered bead in the x − y plane, while magnets are rotated in the vertical configuration.
The maintenance of the same magnetic field orientation in both vertical and lateral magnetic
tweezers avoids changes in the mean
√ y position of the bead when pulled laterally, and reduces
the extension of the DNA to l = x∗ 2 + z ∗ 2 .
Typical time courses of a lateral pulling experiment in the conventional cover-glass cell
are shown in Fig. 3.2 C. The force was quickly raised by approaching the lateral magnet to
the central part of the flow cell causing the extension of the DNA to reach a maximum value
(see blue arrow in x∗ data) followed by the lift-off of the bead (see z ∗ data), which necessarily
made the x∗ coordinate to decrease. As the force was reduced by moving the magnet away
from the bead, the vertical coordinate reduced and the x∗ coordinate recovered its maximum
value. Note that the transverse coordinate y remains around zero for the complete cycle
of extension consistent with both vertical and horizontal magnetic fields having identical
orientation. Molecules were fully extended on the surface at around 1pN force (see black
arrow in force data) and a maximum force of 3 − 4 pN was obtained, very similar to that
achieved with the standard vertical configuration.
A more realistic scenario considers that DNA attaches to an off-center point from the
bead vertical axis (Fig. 3.3 A). In the vertical pulling configuration, the extension of the
DNA molecule (l) is now corrected by zcorr , a factor dependent on the attachment point of
the DNA on the bead and on the applied force [Klaue and Seidel, 2009], that can be calculated
with the following expressions:
zcorr = R(1 − cos β)

(3.5)

r
R

(3.6)

l = z + zcorr

(3.7)

β = sin−1

where r is the distance from the bead axis to the DNA attachment point and can be
determined by rotating the bead and fitting a circle to the xy positions, R is the bead radius,
and β the angle formed by the DNA attachment point and the horizontal plane (Fig. 3.3 A).
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Figure 3.3: Realistic measurement of the force in vertical and lateral magnetic tweezers in cover glass cells. (A) Cartoon of the geometric representation of extension measurements
in vertical pulling, where the DNA molecule is anchored off-center of the bead (left side). The
extension needs to be corrected by a factor zcorr (right side, top), which can be obtained from the
rotation radius (r) of the bead (right side, bottom). Histogram of rotation radius exhibits peak
at 0.2 µm (B) Cartoon of the geometric representation of extension measurements in lateral
pulling,
√ where the DNA molecule is anchored off-center of the bead. Extension is computed as
l = x∗∗2 + z ∗∗2 , and includes a correction factor zcorr analogous to the vertical pulling case
(detail in right side).

In lateral tweezers (Fig. 3.3 B), the off-center attachment also adds a correction to the
coordinates of the DNA end at the bead:
x∗∗ = x − (R − zcorr ) cos α

(3.8)

z ∗∗ = z + R(1 − sin α) + zcorr sin α

(3.9)

l=

88

p

x∗∗2 + z ∗∗2

(3.10)

3.4. Experimental methods
Note that zcorr = 0 for all the different configurations recovers the simplified scenario
with the DNA molecule attached at the central axis of the bead at its lowest point. The
suitability of using standard or corrected equations will be discussed in the force calibration
section.

3.3.2 Forces in capillaries
We have also explored the lateral pulling geometry using square glass capillaries. Our homebuilt device allows tilting the capillary to extend the DNA molecule along the surface pulling
from one side (Fig. 3.4 A). The tilt was adjusted to maintain the z coordinate of the bead
roughly constant during the pulling cycle and it was about 5°. This makes the extension of
the DNA to be essentially the x coordinate minus the radius of the bead. Since there is no
lift-off of the bead in this case, the DNA molecule can be fully extended along the surface up
to the maximum applied force (Fig. 3.4 B). In this configuration, similar corrections due to
off-center bead attachments are applicable to the calculation of the extension.
In the capillary case α = 0, and assuming the perfect horizontal geometry of the DNA
(Fig. 3.4), z ∗∗ = 0 and Equation 3.8 becomes:
l = x∗∗ = x − R + zcorr

(3.11)

As mentioned above, zcorr = 0 recovers the simplified scenario.

3.4

Experimental methods

3.4.1 Construction and functionalization of flow cells and
capillaries
Flow cells and capillaries were fabricated according to the protocol detailed in Appendix E.
Coverslips (Menzel-Gläser, #1) were cleaned by sonication and dried using compressed air.
A 1 : 120 dilution from the stock of 1µm or 2.8µm sized beads (Dynabeads, MyOne streptavidin, Invitrogen) in ethanol was spread on the bottom glass surface before it was heated
up. The surface was then coated with 1 % polystyrene dissolved in toluene. The top cover
glass contained two holes drilled with a laser engraver (VLS2.30, Universal Laser Systems).
The two cover glass slides and one (100 µm) or two (200 µm) layers of a paraffin wax film
(Parafilm M, Bernis USA) were sandwiched and heated up for a few seconds to assemble
the flow cell. Capillaries were cleaned, functionalized and passivated using the same procedure as described for cover glass cells. PFTE tubing for buffer and sample introduction was
attached to capillaries using thermoretractile tubing.

3.4.2 Fabrication of λ/2 DNA
In this study, λ/2 DNA molecules were employed, which were fabricated as detailed in the
protocol on Appendix E.
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Figure 3.4: Measurement of the lateral force in square glass capillaries. (A) A cartoon of
the geometric representation of extension measurements in lateral pulling when using a square
glass capillary tube. When the capillary is tilted ∼ 5°, the extension is simply l = x − R. (B)
Position coordinates (x, y, z) and extension (l) of a DNA molecule measured in a lateral pulling
cycle in a square capillary where the force is increased by approaching the magnet to the closest
position (t = 20 s) and then decreased stepwise. Note that in glass capillaries, there is no peak
in x as the bead is permanently in contact with the surface, and z measurement is close to zero
throughout the entire measurement.

3.5

Force calibration in different configurations

The lateral pulling methodology described above was applied to λ/2 molecules (24.5 kbp
long) tethered in single (100 µm thickness) and double (200 µm) parafilm layered flow cells
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Figure 3.5: Force as a function of magnet position for each magnet configuration
and bead size. (A) Vertical magnets configuration and 1 µm beads (left). Lateral magnets
configuration and 1 µm beads (right). (B) Vertical magnets configuration and 2.8 µm beads
(left). Lateral magnets configuration and 2.8 µm beads (right). Data was obtained for 24.5 kbp
long DNA molecules and in flow cells of one or two layers of parafilm and in glass capillaries and
then fit to an exponential function f (x) = 10A·x+B (solid line). Maximum forces are shown in
Table 3.4. Error bars are the SD.

and in square glass capillaries to explore different cell configurations and available ranges of
forces. We employed magnetic beads of 1 µm and 2.8 µm diameter sizes and compared the
maximum applied forces and force-extension curves obtained with both vertical and lateral
magnet configurations.
Tethers of λ/2 DNA molecules were obtained by mixing the DNA sample with streptavidin coated superparamagnetic 1 µm or 2.8 µm sized beads (Dynabeads, MyOne strepta-
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vidin, Invitrogen) in a buffer containing 10 mM PB (pH 7), 10 mM NaN3 , 0.2 mg · ml−1 BSA,
and 0.1 % Tween 20. DNA-bound beads were introduced in the flow cell and incubated for
10 minutes. Then the magnets were approached at a force of 4 pN to release non-specifically
bound beads. Unbound beads were further washed using the same buffer. The zero extension
of DNA tethers was determined by releasing the magnet. For the lateral pulling experiments,
the xy center of the bead was determined by introducing rotations. Operation of the vertical
magnet, bead tracking and subsequent force analysis were performed using custom software
written in LabVIEW 2011 (National Instruments), which incorporates corrections for blurring
and aliasing [te Velthuis et al., 2010, Wong and Halvorsen, 2009]. Nevertheless, these effects
are negligible considering the length of the DNA and the small applied forces. The lateral
magnet was controlled by using the commercial software Motion System 2.0 (PiezoMotor).
All the experiments were performed at an acquisition frequency of 120 Hz.
The resulting force curve was exponentially dependent with magnet distance as previously reported for all pulling configurations and bead sizes (Fig. 3.5) [Daldrop et al., 2015].
The highest forces were achieved using single layer cells in the vertical configuration (Table
3.3). We measured forces up to 4.7 and 30 pN with 1 µm and 2.8 µm beads, respectively.
The lateral configuration using single parafilm layer cells achieved lower maximum forces,
and these were reduced to 0.8 pN and 4 pN for 1 µm and 2.8 µm beads at the lift-off point,
where the DNA molecule stands up from the surface (see the arrow in the force panel in Fig.
3.2 C, and Fig. 3.6 for clarification). In each case, the glass capillary configuration achieved
lower maximum forces due to the thickness of the capillary walls and the dimensions of the
channel, resulting in larger magnet-bead distances.
As a proof of principle of the calibration procedure, we next compared force-extension
data obtained from vertical and lateral magnetic tweezers for different cell configurations
and bead sizes (Fig. 3.7). For a given set of magnet positions we determined the extension of
the molecule following the procedures described above, and from that value the applied force
was calculated (Equation 3.1). Data were fit to the WLC model with the corrections given
by Bouchiat et al. [Bouchiat et al., 1999] to obtain contour (L) and persistence (P ) lengths
(Table 3.3).

Figure 3.6: Beads in regular two-parafilm layer flow cells show a lift-off upon the
application of high forces. The same occurs in the case of single-layer cells (data not shown)
but not in the capillary tubes, where the bead rests on the surface throughout the whole tracking.
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Figure 3.7: Force extension curves of DNA for each magnet configuration and bead
size. (A) A vertical magnet configuration and 1 µm beads. (B) A lateral magnet configuration
and 1 µm beads. (C) A vertical magnet configuration and 2.8 µm beads. (D) A lateral magnet
configuration and 2.8 µm beads. Data were obtained for λ/2 DNA molecules and from flow
cells of one or two layers of parafilm or from glass capillaries. Force-extension data were fitted
to the worm-like chain model (solid line). Fitting parameters are shown in Table 3.4. Error bars
are the standard error of the mean.

Data taken in the vertical magnets configuration using 1 µm beads (Fig. 3.7 A) showed
little variability of values of persistence length and contour length. We measured P = 39±1
nm (n = 12, single layer cell), P = 40 ± 2 nm (n = 12, double layer cell), and P = 40 ± 1 nm
(n = 12, capillary) (errors from fitting the WLC to the average force-extension curve). These
values of P were consistent with previously reported values taken in the same experimental
buffer [Brunet et al., 2015]. Contour length values were L = 8.3 ± 0.9 µm, L = 8.2 ± 0.9 µm,
and L = 8.1 ± 1.1 µm, for single cell, double cell, and capillary, respectively (errors are the
standard deviation of the mean L obtained for each force-extension curve). The measured L
was consistent with the length expected for a 24.5 kbp long DNA.
Lateral pulling data for 1 µm beads showed larger variability in both extension and force
(Fig. 3.7 B). In this case, surface interactions are likely to dump the magnitude of transversal
fluctuations of the bead due to friction, resulting in overestimation of the force and larger
variability of the data. This is particularly relevant at low forces in the case of cover glass
based cells. Consistent with this idea, the capillary data at high forces (blue triangles), were
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Bead size [µm]

Cell thickness
[parafilm layers]

Magnet
configuration

# of DNA molecules

Maximum force
(maximum lateral force
before lift-off) [pN]

1

2

Vertical
Lateral
Vertical
Lateral
Vertical
Lateral
Vertical
Lateral
Vertical
Lateral
Vertical
Lateral

12
10
12
18
12
9
17
19
13
18
16
14

3.5 ± 0.5
3.1 ± 0.9 (0.6 ± 0.1)
4.7 ± 0.8
3.1 ± 0.7 (0.8 ± 0.2)
1.4 ± 0.3
1.7 ± 0.7
26 ± 9
21 ± 4 (6 ± 3)
30 ± 7
20 ± 7 (4 ± 2)
9±2
19 ± 12

1
Capillary
2.8

2
1
Capillary

Table 3.3: The maximum force achieved for different setups and bead sizes. Errors are the
standard deviation.
above the measured forces in standard cells, where the bead is out of surface contact at high
force (black squares and red circles). Remarkably, we found values of persistence and contour lengths in agreement within the experimental error to those measured with the vertical
magnets configuration (Table 3.4). Thus, lateral pulling configuration using capillaries is
recommended if precise mechanical measurements of the tethered molecules are required.
The correction in z due to off-center attachments at maximum force (≈ 4 pN) was only of
0.6 % of the expected extension of λ/2 DNA molecules at that force. Therefore, the use of a
simplified model to estimate extensions neglecting off-center attachments was justified for
1 µm beads.
In the case of 2.8 µm beads and vertical magnets configuration (Fig. 3.7 C), forceextension curves nicely overlapped but the fit to the WLC gave a value for the persistence
length much lower than expected (Fig. 3.8). This deviation from the WLC curve has been

Figure 3.8: Contour and persistence length for each magnet configuration and bead
size. (A) Contour length values were obtained by fitting individual DNA molecules to the WLC
model and then averaging them, errors are SD. The values agree with the theoretical length
expected for a 24.5 kbp long DNA molecule. (B) Persistence length values were obtained by
fitting an averaged force-extension curve to the WLC model in each of the conditions (errors are
errors from the fit).
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Bead size [µm]

Cell thickness
[parafilm layers]

Magnet
configuration

No of DNA
molecules

Persistence length
(P) [nm]

Contour length
(L) [µm]

1

2

Vertical
Lateral
Vertical
Lateral
Vertical
Lateral
Vertical
Lateral
Vertical
Lateral
Vertical
Lateral

12
10
12
18
12
9
17
19
13
18
16
14

39 ± 1
32 ± 2
40 ± 2
29 ± 1
40 ± 1
41 ± 2
14 ± 1
17 ± 1
8±1
21 ± 1
13 ± 1
14 ± 1

8.4 ± 0.9
8.5 ± 0.7
8.1 ± 0.9
8.4 ± 1.1
8.1 ± 1.1
7.4 ± 1.0
8.4 ± 0.3
8.0 ± 1.4
8.3 ± 0.3
8.3 ± 0.7
8.3 ± 0.5
7.9 ± 0.8

1
Capillary
2.8

2
1
Capillary

Table 3.4: Worm-like-chain model parameters from fittings of DNA force-extension
curves for different setups and bead sizes. Errors are the standard deviation.
reported before [Klaue and Seidel, 2009] and it was attributed to the off-center attachment
of the DNA molecule to the bead. Indeed, additional measurements obtained in a double
layer cell and analyzed taking into account the geometry of the system and the anchoring
point of the DNA at the bead substantially improved the force extension fitting parameters
(Fig. 3.9). These measurements considered values of zcorr taken at different forces, which
involved rotations of the vertical magnet to measure the off-center position of the DNA in
the bead.
The case of large beads and lateral pulling (Fig. 3.7 D) showed the cumulative detrimental effects of the previous cases. In general we observed a much larger variability of the data,
likely due to the friction of the bead with the surface, but also to the additional effects of
using large beads and unavoidable off-center attachments. Direct measurements of the corrections in the extension due to the off-center attachment of the DNA to bead in the lateral
configuration were not possible because of the restricted objective-magnet geometry.

Figure 3.9: The use of the correction factor zcorr considerably improved the fit to WLC
model in off-center attached 2.8 µm beads in vertical pulling [Klaue and Seidel, 2009].
The rotation radius histogram in the case of 2.8 µm beads shows more dispersedly anchored
beads than the one for 1 µm beads.

95

3. Determination of forces in Lateral Magnetic Tweezers

Figure 3.10: Characterization of forces in flow-stretch experiments. (A) A cartoon depicting geometry on a flow-stretch experiment. Under laminar flow conditions, the velocity
profile is parabolic. (B) Mean DNA extension as a function of flow rate in a flow stretch experiment using 1 µm beads and λ/2 DNA molecules. The solid line is the fit to Equation 3.15 with
P = 40 nm as a fixed parameter, obtaining L = 8.6 µm. (C) Mean force as a function of flow
rate for the same data set. The force was determined from a calibration force-extension curve
obtained from the vertical configuration in the absence of flow. The force increases linearly up
to a maximum value of ∼ 1.5 pN, in accordance with Equation 3.16. Error bars in B and C
are the standard deviation of the mean from measurements of multiple beads.

3.6 Forces in flow stretch
An extended method to study DNA-protein interactions at the single-molecule level using
fluorescence microscopy is to stretch it under flow [Graham et al., 2014, Blainey et al., 2006].
Although this technique is mainly qualitative, there have been attempts based on labeling specific sites along the duplex to quantitatively estimate the force exerted on the DNA
molecule [Price et al., 2015]. However, in flow-stretch DNA, the force is not uniform along
the DNA molecule being larger at the anchoring point and lower at the free DNA end. This
makes difficult to precisely determine the extension of the tether and to correlate mechanical
features with fluorescence events in a quantitative manner.
An alternative way to stretch DNA by drag consists on attaching a bead to the DNA
end and control the applied force using a constant flow (Fig. 3.10 A). The use of a bead at
the end of the DNA allowed us to precisely measure the extension of the tether by tracking
the bead and considering the anchoring point as determined using the rotation procedure
described above. Extension versus flow data can be correlated with the applied force using a
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previously-taken force-extension curve performed with the vertical magnets configuration.
This allowed us to correlate the mean extension of a particular tether stretched laterally
by the drag force produced by a certain flow rate (Q). Experiments were performed with
1 µm beads and λ/2 DNA molecules in a regular two-parafilm layer flow cell. Flow rates
were set using a computer-controlled syringe pump (Nemesys) up to 250 µl · min−1 . At this
maximum flow rate the molecule extended up to 93 % of its crystallographic length (Fig.
3.10 B) and forces estimated from the WLC model (FW LC ) increased linearly with the flow
rate up to 1.5 pN (Fig. 3.10 C).
Tethers of λ/2 DNA molecules were obtained by mixing the DNA sample with 1 µm
sized streptavidin coated superparamagnetic beads (Dynabeads, MyOne streptavidin, Invitrogen) in the same buffer and under the same incubation conditions used for magnet calibrations. Before flow-stretching the molecules, a force-extension curve was measured for each
of them, and the anchoring point of the bead was determined introducing rotations. Tracking and offline data processing were carried out using custom written software in LabVIEW
2011. All the experiments were performed at an acquisition frequency of 120 Hz.
From our data it is possible to estimate the velocity of the flow in the vicinity of the bead.
Our system is under laminar flow conditions (Re ∼ 10−3 , see Chapter 2) and therefore, the
bead experiences a drag force given by Stokes’ Law:
Fdrag = 6πRηvf low

(3.12)

where vf low is the linear velocity of the flow in the vicinity of the bead, R the radius of
the bead and η the viscosity of the fluid. As expected, the linear trend given by Stokes’ Law
was experimentally observed (Fig. 3.10 B).
The linear velocity of the flow can be expressed as a fraction of the maximum velocity
at the center of the channel (Equation 3.13), which is defined as vmax = 2 · vmean =
(2 · Q)/(w · d), [Çengel and Cimbala, 2006, Gollnick et al., 2015] d and w being the channel
height and width, respectively. In our case, d ≈ 200 µm and w ≈ 7 mm, giving a cross
section of the cell of 1.4 mm2 .
2·Q
k
(3.13)
w·d
Note that the viscosity, η, should be corrected because the radius of the bead is comparable to the distance of the bead to the surface following Equation 3.14 [Kruithof et al.,
2008]. At z ≈ 1 µm and 1 µm beads we obtain η ∗ = 1.6η.
vf low = kvmax =

η ∗ = η(1 +

R
R
+
)
z
6z + 2R

(3.14)

At equilibrium, FW LC = Fdrag / cos α ≈ Fdrag , for α → 0. We can then estimate
the linear velocity of the flow in the proximity of the bead, by fitting Equation 3.15 and
Equation 3.16 to the extension data (Fig. 3.10 B) and the force data (Fig. 3.10 C).
kB T
1
)1/2 )
l(Q) = L(1 − (
2 P · 6πRη ∗ 2·Q
k
w·d

(3.15)

F (Q) = 6πRη ∗ (2 · Q)/(w · d)k

(3.16)

Assuming a persistence length of 40 nm, we obtained a contour length of L = 8.6 µm,
very close to the expected crystallographic length of the molecule, and vf low = 0.011vmax
(1.1 % of vmax ) from the fitting to the extension data, and vf low = 0.02vmax (2.0 % of vmax )
from the fitting to the force data.
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The linear velocity of the flow at a distance from the surface can be also calculated
by considering a uniform laminar flow through a practically infinite channel, which can
be approximated by the same type of flow through a circular tube (Fig. 3.10 A) [Çengel and
Cimbala, 2006, Gollnick et al., 2015]. Note that Equation 2.4 (from Chapter 2) is independent
of the viscosity of the fluid.
To obtain the mean velocity acting on the bead, we integrated the parabolic velocity
profile over the diameter of the bead, and divided it by the diameter itself (see Chapter 2).
This calculation resulted in a velocity of 1 % of vmax in good agreement with our experimental data. Nevertheless, it must be taken into account that Stokes’ Law does not account
for boundary (turbulence) effects that are probably affecting the bead in the vicinity of the
surface. In this case, correcting the viscosity may not be enough to estimate a proper velocity. In fact, longer individual force-extension curves may also improve the results based on
fitting the force, which show a larger difference with respect to the theoretical value.
Our analysis from drag experiments provided a value of the maximum force of 1.5 ± 0.2
pN, similar to other experimental approaches based on flow-stretched DNA [Price et al., 2015].
The use of miniaturized flow cells in flow-stretch experiments is advantageous to economize biological reagents and to achieve larger flow velocities near surface and hence larger
forces on the DNA. Our approach assumes that the drag force acting on the DNA is negligible because the microscopic bead is massive compared to the stretched DNA. Therefore,
we have considered that the force is applied only at the DNA end and constant along the
tether. The magnitude of forces measured in our bead-based flow-stretch experiments was
below the forces applied by the magnets in any of our MT configurations using double-layer
cells. Moreover, the forces measured in flow-stretch experiments showed larger dispersion.
These observations demonstrate advantages of using magnets to laterally stretch DNA in
the standard flow cells of large inner volume employed in this work.

3.7

Conclusions

We introduced a lateral pulling approach based on MT and a device to hold and rotate glass
capillaries to ensure genuine horizontal pulling of DNA. We have proved our approach to
be simple to implement and compatible with conventional MT, requiring minor design modifications. This module allows applying well-controlled constant forces to tethered DNA
molecules, stretching them parallel to the surface and thus allows direct visualization of
DNA and/or DNA-protein interactions. Furthermore, we have tested lateral MT in different
flow cell configurations using commercially available superparamagnetic beads. Lateral MT
can be force-calibrated based on the method used in vertical MT, disregarding corrections
arising from off-center attachments, with a dispersion of less than 5 %. The calibration procedure was validated with force-extension curves in different cells and bead combinations,
showing a good range of agreement. Higher dispersion in lateral MT forces was attributed
to surface-bead interactions. The measurement of lower persistence lengths in the case of
2.8 µm diameter beads was shown to result from off-center attachments. Capillaries allowed
us to apply maximum horizontal forces compared to the forces obtained from regular cells
before bead lift-off. Single-layer cells enabled maximum vertical forces up to 30 pN. By monitoring single DNA extension and using individual force extension curves, we were able to
estimate forces in a bead in flow-stretch experiments, showing that measured forces were
lower and more dispersive than those in lateral MT. The strength of our lateral pulling device
also relies on its combination with TIRF microscopy (see Chapter 1). Our results open the
possibility to study and visualize and investigate the processes of protein-DNA interactions.
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4 | Binding and condensation
mechanisms of BsParB
4.1 Motivation
The organization and segregation of the genome is an essential process for all living organisms. During the process of cell division, the machinery responsible of chromosome segregation has to be highly accurate to ensure the survival of the offspring. Faithful segregation of
bacterial chromosomes is mediated by partition systems that are classified depending on the
type of NTPase involved [Gerdes et al., 2010]. Type I partition systems, also known as ParABS
include an ATPase motor protein, ParA, responsible for the movement of the replicated chromosomes to the distal pole of the cell, a DNA binding protein ParB, and a centromere-like
DNA sequence, parS [Funnell, 2016]. This type of partition system has been described in
many bacteria, including Bacillus subtilis, where is involved in chromosome segregation and
sporulation [Mierzejewska and Jagura-Burdzy, 2012, Yamaichi and Niki, 2000, Sharpe and
Errington, 1996, Lin and Grossman, 1998, Lee and Grossman, 2006]. Importantly, the discovery that B. subtilis Structural Maintenance of Chromosome (SMC) proteins are loaded by
ParB at parS sites in vivo and that parS sites act as condensation centers highlights the critical role played by ParB in chromosome organisation [Gruber and Errington, 2009, Sullivan
et al., 2009, Umbarger et al., 2011, Broedersz et al., 2014, Taylor et al., 2015]. Interestingly, apart
from the specific binding to partition sites, ParB proteins can also bind non-specifically to
DNAs spreading several kilobases around parS sites [Breier and Grossman, 2007, Murray et al.,
2006]. This spreading is achieved by a limited number of ParB protomers, which has been
rationalized by models of ParB-mediated bridging and condensation of DNA supported by in
vitro analysis [Graham et al., 2014, Taylor et al., 2015, Fisher et al., 2017, Broedersz et al., 2014,
Sanchez et al., 2015]. The generation of these ‘ParB networks’ in vivo necessarily requires the
presence of specific and non-specific DNA binding domains in ParB as well as multimerisation interfaces between ParB proteins. Recent work has begun to unpick the structural basis
for formation of these networks and has implicated both the N- and C-terminal domains in
forming and maintaining bridging interactions [Leonard et al., 2004, Fisher et al., 2017, Song
et al., 2017, Chen et al., 2015].
In previous work carried out in the group of Dr. Fernando Moreno-Herrero [Fisher et al.,
2017, Pastrana, 2017], the role of the C-terminal domain (CTD) of ParB in its multimerisation
and DNA condensation was studied. In particular, its dimeric stoichiometry and identified a
novel non-specific DNA binding site at the CTD of ParB that was critical for DNA condensation was confirmed. It was also showed that the presence of an excess of the CTD prevented
DNA condensation by ParB and induced disruption of ParB networks in vitro and in vivo.
This led to the proposal of three possible scenarios to explain CTD-mediated condensation
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Figure 4.1: Possible scenarios for CTD-induced decondensation of ParB-DNA networks. (A) Model for ParB network formation and condensation via via ParB-ParB interactions.
ParB monomers comprise a central DNA binding domain (CDBD) with specific and possibly
non-specific DNA binding activities and a carboxy-terminal domain (CTD) with non-specific
DNA binding capacity. The amino terminal domain (NTD) has been shown to be critical for
the network organization and condensation [Song et al., 2017]. (B) In scenario 1, The CTD can
bind dsDNA competing for the DNA binding sites, displacing full-length ParB and therefore
de-condensing the DNA. (C) In scenario 2, the CTD can dimerize with full-length ParB forming
heterodimers in free solution that are inactive so can no longer exchange with the ParB network.
(D) In scenario 3, the CTD forms heteroligomers with DNA-bound ParB which retain DNA binding activity but are not able to condense DNA because bridging interactions are ‘capped’ by the
CTD.

inhibition (Fig. 4.1). One possibility is that the CTD simply competes for the binding sites
in the DNA molecule (Fig. 4.1 B, DNA-binding competition model). In this way, the CTD
would displace ParB from the DNA and thus prevent DNA condensation, provided the CTD
cannot condense DNA on its own. Another possible scenario is that the CTD is able to
heterodimerize with free ParB in solution and these heterodimers are deficient for DNA
binding, which directly impedes condensation (Fig. 4.1 C, DNA-binding inhibition model).
Finally, it is possible that the CTD interacts with DNA-bound ParB, forming heterodimers
that cannot condense but which may remain bound to DNA (Fig. 4.1 D, CTD capping model).
This deficiency in condensation could be caused by the CTD ‘capping’ the ParB dimerization
interfaces.
Previous experiments with CTD variants defective for DNA binding suggested that ParBnetwork disruption was unlikely to be mediated by direct competition for DNA binding sites
[Fisher et al., 2017]. However, because the ParB binding and DNA condensation signals were
tightly-coupled [Taylor et al., 2015, Fisher et al., 2017], it was not possible to separate ParB
binding from condensation or to correlate both measurements in parallel. This precluded a
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direct test of our favored capping model, which predicts (uniquely) that the free CTD will
inhibit DNA condensation but not DNA binding. For instance, in ensemble experiments
using electrophoretic mobility shift assays and ParB-protein induced fluorescence enhancement assays, the signal reported is concomitant to protein binding and condensation [Taylor
et al., 2015]. The same happens in single-molecule stretch-flow fluorescence experiments
[Graham et al., 2014] requiring the use of condensation-deficient mutants to determine the
kinetic parameters of DNA binding [Song and Loparo, 2015]. Additionally, in stretch-flow
experiments, condensation is restricted to the free end of the molecule due to a decreasing
force gradient along the DNA. Magnetic Tweezers (MT) experiments overcome some of these
difficulties in that the applied force is uniform and can be used to prevent DNA condensation. It is therefore possible to measure DNA condensation when the force is decreased to
permissive levels [Taylor et al., 2015]. Nonetheless, in MT it is not possible to visualize and
determine the degree of protein binding to DNA molecules. Here, we have combined lateral
MT with total internal reflection fluorescence (TIRF) microscopy [Madariaga-Marcos et al.,
2018a] to simultaneously control the force applied to DNA and to visualize ParB proteins by
fluorescence. This allowed us to directly challenge the three possible scenarios to explain
the condensation inhibition mechanism of the CTD of ParB. In addition, the combination of
our MT-TIRF (Chapter 1) device with multilaminar flow technology (Chapter 2) facilitated
the rapid exposure of DNA to different protein concentrations and provided a method to
precisely capture the kinetics of binding and unbinding events. The experimental platform
used here allowed us to confirm that the inhibition of ParB condensation by the free CTD
occurs without displacement of full-length ParB from DNA. Our data indicate that the free
CTD of ParB blocks the formation of ParB networks via a dominant negative effect on a key
protein-protein bridging interface. Results presented in this chapter have been submitted to
eLife for publication and can be found online at bioRxiv [Madariaga-Marcos et al., 2018b].

4.2 Experimental methods
4.2.1 Flow cells
In this work, two kinds of flow cells were used (with one or two inlets). In both cases, glass
coverslips (Menzel-Gläser, # 1) were cleaned following the protocol in Appendix E. The top
cover glass contained two or three holes drilled with a laser engraver, as well as two-inlet
paraffin wax (Parafilm M, Bernis USA) gaskets (VLS2.30, Universal Laser Systems). One-inlet
gaskets were manually cut.

4.2.2 DNA substrate
λ/2 molecules were fabricated as described elsewhere (Appendix E).

4.2.3 Protein purification and labelling
ParBAF and CTDAF were purified and labelled by Dr. Gemma Fisher under the supervision
of Prof. Mark S. Dillingham in the University of Bristol, as described in [Madariaga-Marcos
et al., 2018b].
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Figure 4.2: Reproducing MT experiments using ParBAF . P arB AF condenses DNA in
the same way as the WT protein, and condensation events are correlated with an increase in
the fluorescence signal (left). A control experiment (right) with bare DNA (MT signal in gray,
fluorescence in light red) shows that there is no increase in fluorescence in the absence of fluorophores. Non fluorescent WT-ParB (MT in black, fluorescence in red) shows no increase in
fluorescence either. Moreover, ParB networks can be disrupted upon the application of high
force while this is not the case of P arB AF .

4.3

ParBAF condenses DNA like WT-ParB

The condensation activity of ParB in MT has been previously shown [Taylor et al., 2015].
We aimed to visualize binding and condensation events by fluorescence, for which a fluorescent variant of ParB labelled with Alexa Fluor 488 was produced (ParB2S68C-AlexaFluor488,
hereafter ParBAF ), which retained wild type DNA binding properties in established bulk assays (see [Madariaga-Marcos et al., 2018b]).
We tethered 2 µm long DNA molecules not containing the parS sequence in a buffer
containing 100 mM NaCl, 50 mM Tris (pH 7.5), 0.2 mg · ml−1 BSA, and 0.1 % Tween 20,
supplemented with 4 mM MgCl2 (ParB reaction buffer) at a force of 4 pN, and we introduced
250 nM ParBAF . After a brief incubation, we decreased the force to 0.34 pN and triggered
the condensation of the DNA by ParBAF (Fig. 4.2 A).
We were able to correlate DNA extension with fluorescence emission coming from the
activity of the protein for the first time. To minimize the signal coming from the autofluorescence of the superparamagnetic beads, we bleached them for 10 − 30 minutes using 488 nm
light. This way, we could directly see the condensation of the DNA coming from ParB-ParB
interactions that gave an increased signal when approaching the surface and entering the
evanescent field. Indeed, control experiments using WT-ParB as well as bare DNA showed
that the number of counts arising from the introduction of ParBAF was much higher than
the ones given by the autofluorescence of the bead in experiments involving WT-protein (see
Fig. 4.2 B). We also performed experiments with WT-ParB using Alexa Fluor-488-biocytin
labelled beads to show that they present a behavior distinguishable from ParBAF (data not
shown).
Interestingly, ParBAF appeared to be more efficient in terms of condensation than WT
ParB, since attempts to decondense the DNA by increasing the force, as done in previous
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studies [Taylor et al., 2015], were never able to recover the full extension of the DNA. When
we repeated the experiment using WT-ParB and Alexa Fluor-488 labelled beads, we noticed
that it was still impossible to decondense the DNA molecule, suggesting that this effect comes
from an unspecific interaction between Alexa Fluor-488 and the surface.
Although this assay was very informative about the activity of the fluorescent mutant
and served as a validation of the hybrid apparatus performance as well, it still had limitations.
The range of coverage of the evanescent field (170 nm) did not give the possibility to access
the full-length of the molecule, which wasted information along the majority of the molecule
until it reaches the evanescent wave. Moreover, having the molecule aligned parallel to the
optical axis prevented us from studying its DNA binding mechanism. To visualize the whole
DNA molecule under a force non-permissive for condensation, we took advantage of our
lateral MT.

4.4

A new method for monitoring ParB DNA
binding under conditions that are non-permissive for DNA condensation

We laterally stretched single ∼ 24 kbp DNA molecules lacking the parS sequence (Fig. 4.3
A) in ParB reaction buffer using our home-built magnet holder that can pull DNA molecules
from one side [Madariaga-Marcos et al., 2018a]. This device can apply forces of ∼ 1 pN on 1
µm beads (Dynabeads, MyOne streptavidin, Invitrogen), which is sufficient to prevent condensation of DNA upon introduction of ParB. By using ParBAF , our setup allowed us to
visualize protein binding while stretching the DNA at forces non-permissive for condensation (Fig. 4.3 B). 250 nM ParBAF was injected into the cell at a flow rate of 250 µl·min−1
and the DNA molecules were imaged using Andor Solis software. Images were acquired at a
frequency of 9.52 Hz, using an EM level of 100 and cooling the sensor to −80 °C. Laser power
was set to 1 mW. Fluorescence data analysis was performed in Andor Solis and Origin and
movies were generated using ImageJ. For representation, images were exported from Andor
Solis as 8-bit gray tiff files. First, a background was subtracted using a 50 pixel radius (sliding
paraboloid, smoothing disabled) and then brightness and contrast were adjusted by visual
inspection to enhance the signal. Finally, a custom look-up-table in a green color scale was
applied.
Injection of the protein in the flow cell resulted in a gradual increase of fluorescence
concomitant to the arrival and non-specific binding of the protein to the DNA. Note, however,
that sometimes a fraction of the DNA closer to the magnetic bead remained invisible in the
fluorescence signal. This expected fact is due to the limited penetration of the excitation light
produced by TIRF, the tilting angle of the DNA (∼ 5°), the attachment point of the DNA at
the bead, and the fixed bead orientation under the magnetic field.
The integrated intensity in the area of a DNA molecule remained constant for the longest
time points tested (2 minutes) in the absence of an oxygen scavenger system, suggesting a
continuous and fast exchange of ParB proteins with the surrounding media (Fig. 4.3 C).
This was further confirmed in kymographs taken along the DNA that showed variations in
fluorescence intensity with time (Fig. 4.3 D). As expected, we did observe a gradual decrease
of fluorescence intensity when the protein was removed from free solution by flowing buffer
alone (Fig. 4.4 A). Control experiments crosslinking ParB with formaldehyde indicated a
photobleaching half-life time for Alexa Fluor of around 28 s, much shorter than the duration
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Figure 4.3: Combined lateral MT and TIRF microscopy to study ParB-DNA interactions. (A) Cartoon of the MT-TIRF setup used to visualize ParB-DNA interactions at the singlemolecule level with controlled external force. A magnet pulls laterally on the distal end of a DNA
molecule which is anchored to the coverslip. Fluorescently-labelled P arB AF is excited in TIRF
mode using 488 nm laser light and the emitted light is collected by an EM-CCD [MadariagaMarcos et al., 2018a]. (B) TIRF image showing a laterally-stretched DNA molecule at a force of 1
pN in the presence of 500 nM P arB AF . Beads showed fluorescence due to additional binding of
DNA molecules, which are further labelled by non-specifically bound P arB AF proteins. (C) Intensity of several DNA molecules in the presence of 500 nM P arB AF as a function of time. Even
though the integrated intensity changes from molecule to molecule, intensity remains constant
for more than 100 s, suggesting a dynamic and fast exchange between DNA-bound ParBAF
and free P arB AF in the media. D) Kymograph from the same experimental data shown in (B)
highlighting changes in intensity along the DNA molecule through the entire experiment supporting the continuous exchange of the protein. Kymographs varied from molecule to molecule.

of our measurements (Fig. 4.4 B).
The rapid exchange of the protein was further confirmed in fluorescence recovery after
photobleaching (FRAP) experiments. They consisted of photobleaching all ParBAF molecules
included in the visualization area inside the TIRF field by using a high laser power pulse, and
then monitoring the fluorescence recovery of the protein-DNA filament in the presence of
500 nM ParBAF (Fig. 4.4 C). The imaging protocol consisted of imaging a DNA molecule at
a regular laser power (1 mW output power) for 200 frames before increasing the laser power
(45 mW) for 100 frames to photobleach all ParBAF molecules. Fluorescence recovery was
then allowed for 1200 frames at 1 mW. Images were acquired at a frequency of 9.52 Hz, with
an EM gain of 100 and with the sensor cooled to −80 °C. The area (ROI) around each DNA
molecule was analyzed using Andor Solis. Integrated fluorescence intensities were analyzed
using Origin.
Altogether, these experiments demonstrate the dynamic interaction of ParB with DNA
under forces that are non-permissive for condensation.
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Figure 4.4: Control experiments showing increasing intensity due to ParBAF binding and constant intensity due to protein exchange. (A) Averaged decrease of intensity
due to introduction of protein-free buffer (n = 26). (B) Representative traces of intensity decay of formaldehyde crosslinked P arB AF in the presence and absence of an oxygen scavenger
system. The oxygen scavenger contributes to a longer lifetime of the P arB AF filament. From
measurements on several molecules we found average half times of 28 ± 3 s and 140 ± 30 s
(mean ± sem) in the absence and presence of the oxygen scavenger system, respectively. (C)
Average intensity recovery of DNA molecules (n = 23) by the introduction of 250 nM P arB AF
after photobleaching. Intensity recovery is consistent with a fast protein exchange with the media.

4.5 Association and dissociation kinetics of
ParB measured at non-permissive forces for
condensation
Prompted by the observation of fast ParBAF exchange, we decided to elucidate the kinetics of the non-specific binding and unbinding of ParBAF . The simplest approach would be
to repeatedly exchange protein-containing and protein-free buffer and to monitor changes
in the fluorescence signal over time. However, the arrival of the protein at the site of interest in single-channel flow cells is gradual and typically requires tens of seconds to reach
equilibrium [Gollnick et al., 2015]. Although this effect can be minimized by using high flow
velocities, it nevertheless would affect the measured kinetics of protein association. More-
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over, flowing at high rates increases the force applied on the DNA as a result of the drag force
on the bead and can lead to structural distortions of the DNA duplex, ultimately interfering
with protein binding [Xiao et al., 2011].
In order to minimize reagent exchange times and the contribution of the flow on the
total force on the DNA, we developed a fast buffer exchange system based on multilaminar
flow cells [Liu et al., 2013, Tan et al., 2007, Brouwer et al., 2018]. We used flow cells with two
inlets, where two reagents are introduced (i.e., protein and buffer), and a single outlet (Fig.
4.5 A). The dimensions of our flow cells and the flow rates we used (≤ 500 µl·min−1 ) ensure
a laminar flow regime under which the two reagents do not significantly mix (see Chapter
2) [Brewer and Bianco, 2008]. Fast alternation between buffer and protein was achieved by
varying the flow rates of the syringes (190 µl·min−1 and 10 µl·min−1 ) and maintaining a
constant flow rate in the central channel (200 µl·min−1 ). This produced transient times for
reagent switching below 100 ms while keeping a low total force on the DNA of ∼ 3.4 pN
which is non-permissive for condensation by ParB.
The total force applied to the DNA is the sum of two components, the magnetic force
exerted by the magnets and the drag force applied by the flow [Madariaga-Marcos et al.,
2018a]:
Ftotal =

q

2
2
(Fmagnetic
+ Fdrag
)

(4.1)

The experiments reported here were done at a 1 pN pulling force, Fmagnetic ≈ 1 pN.
The drag force was deduced from the flow rate using a previously measured curve of force
versus flow rate, in flow stretch assays Fdrag ≈ 3.36 pN. This led to a total force Ftotal ≈ 3.5
pN.
Tethers of λ/2 DNA were obtained by mixing DNA with 1µm sized superparamagnetic
beads in ParB buffer supplemented with 1 mM Trolox, 20 mM glucose, 8 µg·ml−1 glucose
oxidase and 20 µg·ml−1 catalase. The mixture was incubated and then flowed in the flow
cell. After tethers were formed, unbound beads were extensively washed away. Tethers
were laterally stretched at a force of 1 pN using lateral magnets. Fluorescence images were
acquired using Andor Solis software. Images were acquired at a frequency of 9.52 Hz, using
the EM level of 100 and cooling the sensor to −60 °C. Laser power was set to 1 mW. 4000
frames were recorded. Syringes were controlled with the neMESYS UserInterface software.
Briefly, a square-wave pattern was set for syringes to alternate flow-rates between 10 and
190 µl·min−1 , keeping the flow-rate in the central channel to 200 µl·min−1 . Employed
ParBAF concentrations were 125, 250 and 500 nM.
Furthermore, protein concentrations were accurately controlled as the DNA was exposed almost instantaneously to the condition of interest, allowing one to measure association and dissociation constants. To confirm the precise switching between the two reagents,
we took advantage of magnetic tweezers to track a bead as it was driven by the flow alternation. We measured beads in both vertical (Fig. 2.10 A) and lateral (Fig. 2.10 B) configurations and demonstrated that the change in flow correlates with the movement of the bead
in the transverse direction. Importantly, the direction of the pulling force (x axis) was not
disturbed when flow rates were switched (Fig. 2.10 B). We measured cycles of protein binding and unbinding by switching between channels containing ParBAF and buffer (Fig. 4.5
B). The fluorescence intensity decreased when buffer was flowed (shadowed area) and it was
recovered by the introduction of ParBAF . We performed experiments at different protein
concentrations to elucidate the kinetics of ParB (Fig. 4.6). The binding of ParB to DNA can
be formulated as [Goodrich and Kugel, 2007]:
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Figure 4.5: ParB binding and unbinding kinetics. (A) Scheme of the multilaminar flow
system employed to fast-exchange of buffers. The fluid cell contains two inlets and a single outlet.
Switching the velocities of both channels shifts the boundary of laminar flows resulting in the
fast exchange of buffers. (B) Normalized integrated fluorescence intensity for a representative
DNA molecule in a laminar-flow experiment with 250 nM P arB AF as a function of time.
Protein injection (shadowed area) is correlated with increasing intensity. Best fit curves to obtain
kof f (Equation 4.4) and kobs (Equation 4.3) are shown. (C) Unbinding rate kof f measured
at different initial ParB concentrations, obtained from fitting individual curves as shown in B,
and then averaged at different concentrations. The values obtained are in the order of values
published before [Song et al., 2016]. (D) Observed binding rate kobs measured at different ParB
concentrations, calculated as kof f . Errors are SD.

kon

−−
DNA + ParB ↽
−−
−⇀
− DNA : ParB
kof f

(4.2)

with kon and kof f being the binding and unbinding rate constants, respectively. This
is a simple model which cannot account for cooperativity in binding nor potential nucleation intermediates, and hence it may not capture the detailed (un)binding kinetics of ParB.
However, it is still useful for semi-quantitative analysis of binding rates as well as for direct
comparison of the values at different conditions. Moreover, the dynamics of the system can
be easily solved assuming that the concentration of ParB remains constant in time ([ParB](t)
= [ParB](0)). This is a reasonable assumption, since in our single-molecule experiments we
expect an excess of protein compared with DNA binding sites. Then, the final expression for
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protein binding reads:
F (t) = Fmax (1 − e−kobs t )

(4.3)

where F (t) states for the fluorescence signal and the observed binding rate kobs is defined by kobs = kon [ParB] + kof f . Similarly, the unbinding kinetics can be obtained by
considering [ParB] = 0, and giving:
F (t) = F0 e−kof f t

(4.4)

where F0 is the initial fluorescence intensity [Goodrich and Kugel, 2007).
The measured binding constant kof f (∼ 0.1 s−1 ) was slightly lower than the previously
reported value for the condensation-deficient ParB mutant ParB-R82A [Song et al., 2016].
This might reflect localized condensation events in the wild type protein (Fig. 4.5 C). This
is particularly relevant at the high concentrations used (≥ 500 nM), where ParB-ParB interactions are favored likely resulting in local condensates, which prevent unbinding of the
protein.
Regarding kobs we observed a saturation effect at high concentrations (Fig. 4.5 D). This
cannot be explained by limitations in the temporal resolution of our assay (acquisition rate
∼ 10 s−1 ) and we therefore favour the idea that it arises from the decrease observed for
kof f at high concentration. Nevertheless, the saturation observed can also be explained by
rate limiting events after the formation of a collision complex (which are not considered in
our simple model). We therefore considered kobs values obtained at low protein concentration to estimate kon . Data analysis was performed using Andor Solis and Origin. For each
molecule of interest, a main region of interest (ROI) was selected around the DNA molecule
in Andor Solis. Four additional ROIs around the main ROI were also selected for background
correction by subtracting the mean intensity of the four ROIs to the DNA ROI (in counts).
Intensities were then analyzed in Origin. kon was estimated by fitting the first two points
(corresponding to 125 nM and 250 nM) on Fig. 4.3 D to the equation kobs = kon [ParB]+kof f ,

Figure 4.6: Measuring koff and kobs for different ParBAF concentrations. Representative integrated fluorescence intensity for a DNA molecule in a laminar-flow experiment, as a
function of time, coated with 125, 250 or 500 nM P arB AF . Protein injection correlates with
increasing fluorescence intensity along the DNA tether, while protein unbinding correlates with
decreasing intensity (shadowed area). Best-fit curves to obtain kof f (Equation 4.4) and kobs
(Equation 4.3) are shown.
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which yielded a value of ∼ 3.95 x 10−5 M−1 s−1 . Our estimation (∼ 4 x 10−5 M−1 s−1 )
was one order of magnitude below a published value for a mutant ParB [Song et al., 2016].
This discrepancy may reflect a different binding mechanism of the wild type ParB protein
employed here compared to the condensation-defective mutant.

4.6 The C-terminal domain of ParB does not
compete for DNA binding with full-length
ParB in Mg2+ conditions
Motivated by previous studies reporting a non-specific DNA binding of the free CTD of ParB
and its important role in DNA condensation [Fisher et al., 2017], we investigated the effect
of an excess of CTD in the ParBAF binding/unbinding reaction. Previous work indicated
distinct DNA binding mechanisms for ParB in the presence of Mg2+ or EDTA [Taylor et al.,
2015]. In particular, the specific binding of the protein was only observed in Mg2+ , while
the non-specific binding was promoted by the presence of EDTA, especially at low ParB
concentrations. In the work described below, we carried out assays in both Mg2+ and EDTA
conditions and measured kof f and kobs for full-length ParB, and for ParB in the presence of
free CTD.
For full-length ParB, protein:DNA filaments were observed under both conditions (Fig.

Figure 4.7: ParB binding kinetics in the presence and absence of Mg2+ and the effect
of the free CTD. (A) Unbinding rate kof f and observed binding rate kobs values for 250 nM
P arB AF . We observed a reduction in kof f (slower unbinding) in the case of EDTA but no
significant difference was observed in kobs values. (B) Unbinding rate kof f and observed binding
rate kobs values for 250 nM P arB AF in the presence (red) and absence (gray) of 2.5 µM CTD,
in M g 2+ - or EDTA-containing buffer. We report faster unbinding in the presence of the CTD in
EDTA. No effect of the CTD in the unbinding rate was observed in M g 2+ buffer, according to
Student’s t test. No significant difference was observed in kobs values in the presence or absence
of the CTD in both M g 2+ and EDTA conditions. All errors are SD. Data were accounted for
statistical differences following a Student’s t test (see Table 4.1 for kof f p-values and Table 4.2
for kobs p-values).
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Figure 4.8: The CTD is capable of binding DNA, but inhibits ParB-DNA networks by
WT ParB-CTD hetero-oligomerisation on the DNA. (A) This DNA filament is visible due to
binding by 10 µM CT DAF in buffer supplemented with EDTA, but not with M g 2+ . P arB AF
filaments are also visible in buffer supplemented with EDTA. (B) Fluorescence intensity traces
of CT DAF showing protein exchange, similar to the full-length ParB protein. (C) Comparison
of FRAP experiments. At such high concentrations (≥ 1 µM), there is no noticeable difference
between P arB AF and CT DAF . (D) Dissociation experiments of P arB AF and CT DAF flowing protein-free EDTA buffer. Both P arB AF and CT DAF dissociate from DNA, but CT DAF
unbinds ∼ 2.3 fold faster than ParB (i.e. has a higher kof f ).

WT - Mg2+
WT + CTD - Mg

2+

WT - EDTA

WT - Mg2+

WT + CTD - Mg2+

WT - EDTA

WT + CTD - EDTA

1

0.1235

5 · 10−4

0.0019

0

0

1

6 · 10−5

1

WT + CTD - EDTA

Table 4.1: Student’s t test p-values for kof f values.
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WT - Mg2+
WT + CTD - Mg

2+

WT - EDTA

WT - Mg2+

WT + CTD - Mg2+

WT - EDTA

WT + CTD - EDTA

1

0.079

0.9542

0.1139

1

0.0243

0.0103

1

0.1129

WT + CTD - EDTA

1

Table 4.2: Student’s t test p-values for kobs values.
4.3 B and Fig. 4.8 A), but we measured a lower kof f in EDTA conditions compared to
Mg2+ conditions (Fig. 4.7 A, Fig. 4.9, Table 4.1). The observed binding rate (kobs ) did not
show statistically significant differences between EDTA and Mg2+ (Fig. 4.7 A, Table 4.2).
To result in similar observed binding rates and considering the definition of kobs , we infer
that the association rate constant kon is higher in the presence of EDTA than in Mg2+ . In
summary, and in agreement with previously published observations [Fisher et al., 2017], we
conclude that the presence of EDTA strengthens interactions between ParB and non-specific
DNA.
We next produced a fluorescently labelled CTD protein (CTDAF ) and studied its binding to DNA in the presence of EDTA or Mg2+ (see [Madariaga-Marcos et al., 2018b]). We
observed protein:DNA filaments at high CTDAF concentrations (10 µM) in the presence
of EDTA but no filaments were visible in the presence of a magnesium-containing buffer
at the same concentration (Fig. 4.8 A). The fluorescence intensity of CTDAF filaments remained constant over time, suggesting continuous and rapid exchange between bound and
free CTD proteins (Fig. 4.8 B). Further experiments, where CTDAF filaments were photobleached, confirmed the rapid exchange of the protein in a similar manner to ParBAF (see
Fig. 4.8 C for data and discussion). Altogether, these results show that the CTD of ParB can
bind and unbind rapidly from DNA, but only under EDTA conditions. This implies that the

Figure 4.9: Measuring the effect of the CTD on the dissociation rate in EDTA and
Mg2+ buffer conditions. Representative traces of normalized fluorescence intensity as a function of time for kof f data shown in Fig. 4.7 B. Protein binding and unbinding were cyclically
measured as described before (Fig. 4.3 B) and unbinding traces were fit to Equation 4.4 to
obtain kof f values. The different decay trend under EDTA and M g 2+ conditions, and both in
the presence or absence of the CTD, can be appreciated.
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free CTD will not inhibit the interactions of full-length ParB with DNA by simple competition under Mg2+ conditions. We next tested this more directly.
In the presence of excess free CTD and under Mg2+ conditions, the kof f and kobs values for full-length ParB were indeed unchanged when compared to full-length ParB alone
(Fig. 4.7 B). An excess of the CTD in EDTA-containing buffer facilitated ParBAF unbinding,
yielded a higher kof f (Fig. 4.7 B, Fig. 4.9), and resulted in lower intensity DNA filaments.
Therefore, as expected based on the properties of the free CTD alone, it can compete for
DNA but only under EDTA conditions.
These results strongly suggest that scenarios 1 and 2 (Fig. 4.1) can be discounted, because the CTD does not reduce DNA binding by full-length ParB under Mg2+ conditions.
However, these experiments were performed at restrictive forces to uncouple binding and
condensation. At permissive forces, the Mg2+ conditions would support condensation. We
next investigated the dominant negative effect of the free CTD under conditions that were
permissive for condensation.

4.7

The free CTD prevents ParB-dependent condensation at permissive forces without affecting its binding to DNA

Previous experiments showed that an excess of the CTD of ParB prevents the condensation
of DNA tethers and also promotes decondensation of preformed ParB-DNA networks [Fisher
et al., 2017]. However, as mentioned, we could not unequivocally distinguish between the
possible mechanisms for condensation prevention, because binding and condensation could
not be uncoupled. Here, using our MT-TIRF setup we could apply changes in force in a
controlled way while at the same time visualizing ParB binding and condensation.
We first monitored the condensation activity of ParBAF in a buffer supplemented with
Mg2+ . Condensation events were initiated by ParBAF by reducing the force from 1 to
0.2 pN and were directly visualized by fluorescence microscopy in laterally stretched DNA
molecules (Fig. 4.10 A). This process could be stopped by increasing the force but could
not be reversed, possibly due to a strong interaction of the protein with the surface and the
smaller range of available forces applied by the lateral magnet in comparison to previous
conventional MT experiments [Taylor et al., 2015]. In general, the condensation process did
not show any brighter features along the DNA that could be associated with the formation
of large loops or the presence of nucleation regions (Fig. 4.10 A). Nevertheless, we should
keep in mind that our setup has a limited resolution of about 1 kbp as determined from measurements on single fluorophores (data not shown). Therefore, local condensation at scales
lower than this could not be resolved.
We repeated these experiments using 250 nM ParBAF in the presence of 2.5 µM CTD
in Mg2+ conditions (Fig. 4.10 B). The DNA did not condense. Indeed, the time-lapse shows
that, even though the DNA molecule remains fully coated by ParBAF , it did not condense,
even at very low (permissive) forces. For the totality of molecules analyzed in this study,
(47 in the case of ParBAF and 36 in the case of ParBAF + CTD), we found that 83% of the
molecules were condensed by ParBAF , whereas only 19 % were condensed when the CTD
was also present (Fig. 4.10 C). Moreover, when condensation was observed in the presence
of the CTD, it was never complete. Typically, the extension of the molecule was not recovered
upon re-application of high force, and a bright dot appeared at the anchoring
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Figure 4.10: Competition of the CTD in ParB binding and unbinding kinetics, and
effects in condensation. (A) Visualization of condensation of a single DNA molecule induced
by 250 nM P arB AF binding. The volume of the bead causes the DNA to be slightly tilted with
respect to the surface such that emission of fluorescence is limited by the penetration depth of
the excitation field. The DNA does not condense while held at non-permissive force of 1 pN.
However, as in conventional magnetic tweezers experiments, at a permissive force of 0.2 pN a
progressive reduction of the DNA length is observed. (B) Condensation experiment as in Fig.
4.5 A but in the presence of 2.5 µM non-fluorescent CTD. Co-incubation with the CTD does not
inhibit ParB binding to DNA, as indicated by clearly visible fluorescence filaments. However, it
inhibits ParB-dependent DNA condensation, even at forces as low as 0.07 pN. Note that some
residual condensation was observed at very low forces, visible at the anchoring point (arrow)
as shown by the bright dot. (C) Percentage of DNA molecules that were condensed, partially
condensed or non condensed by P arB AF , in the presence or absence of an excess of the CTD.
(D) Integrated fluorescence intensity in a laminar flow experiment. Intensity changes when
alternating ParBAF with a combination of P arB AF and unlabelled ParB (shadowed areas).
Intensity remains constant throughout the cycles of P arB AF and P arB AF + CTD (shadowed
area), indicating that the excess of CTD is not competing for the binding sites on the DNA, but
rather ‘capping’ the DNA-bound P arB AF . (E) Integrated intensity of P arB AF plotted versus
the integrated intensity of P arB AF + CTD or P arB AF + ParB. P arB AF + CTD shows a slope
of 1.00 ± 0.02 corresponding to unchanged intensity, while P arB AF + ParB shows a slope of
1.23 ± 0.02.
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point. The fact that normal condensation data (i.e., those collected with full-length wild type
ParB only) do not show any such condensation foci (Fig. 4.10 A) and that the brighter dot
in the CTD experiment appears at the anchoring point, suggests that this represents nonspecific binding of the DNA to the surface that cannot be prevented at the low applied forces.
We conclude that the presence of free CTD has converted the full-length ParB into a form
that can still bind, but can no longer condense DNA, which can only be explained by the
capping model (Fig. 4.1 D).
We performed additional experiments using our laminar-flow system combined with
direct visualization of DNA filaments. We switched between a buffer containing 250 nM
ParBAF and another containing 250 nM ParBAF and 2.5 µM CTD in Mg2+ conditions,
whilst keeping the DNA stretched with lateral MT. The period of buffer exchange (T = 60
s) is long enough to account for protein exchange since we measured a kof f for ParBAF of
0.08 s−1 , corresponding to an occupation half-time of around 9 s (Fig. 4.5 C). Importantly,
the intensity did not decrease when the conditions were switched from ParB alone to ParB
co-incubated with CTD (Fig. 4.10 D, upper panel), again confirming a lack of competition for
the DNA binding sites. Additionally, a control experiment where we substituted the excess of
CTD for an equivalent excess of unlabelled ParB displayed a noticeable decrease in intensity
attributed to the expected competition for DNA binding sites between non-fluorescent ParB
and ParBAF (Fig. 4.10 D, lower panel). To quantify this effect, we represented the average
integrated intensity of ParBAF against the average integrated intensity of ParBAF + CTD
/ParB for several molecules (Fig. 4.10 E). A deviation from a slope ∼ 1 indicates changes
in fluorescence intensity as a result of the competition for DNA binding sites, validating the
capability of our assay to qualitatively resolve differences in protein binding. Together, these
results allowed us to conclude that condensation is impeded (or decondensation promoted)
by the CTD as a result of capping of a ParB-ParB dimerization interface (Fig. 4.1 D).

4.8

Conclusions

Here we have built upon previous work to incorporate MT and TIRF microscopy to visualize
the formation of ParB-DNA filament structures at controlled forces that can be either permissive or non-permissive for condensation. Our novel approach allowed us to visualize the
dynamic nature of the ParB binding with evidence for fast and continuous exchange of proteins with the surrounding media. This dynamic behavior is consistent with results described
not only for BsParB [Graham et al., 2014, Taylor et al., 2015, Song et al., 2017, Fisher et al., 2017],
but also for E. coli ParB [Sanchez et al., 2015, Le Gall et al., 2016], plasmid ParB [Debaugny
et al., 2018], and for other proteins, at the single-molecule level [Gibb et al., 2014]. Implementation of a multilaminar flow exchange system to the combined MT-TIRF setup provided a
measurement of binding and unbinding reactions in the presence of the free CTD leading to
the conclusion that it only affects binding and unbinding of ParB in a buffer supplemented
with EDTA. Fluorescence experiments with the CTD in a buffer supplemented with Mg2+
strongly supported a mechanism for its dominant negative effect involving decondensation
by direct disruption of ParB-ParB interfaces. Interestingly, the fact that the CTD prevents
condensation by capping a dimerization interface strongly suggests that the CTD in the fulllength ParB in solution is somehow inaccessible, unlike the DNA-bound ParB. This could
explain why multimeric forms of ParB are not found in solution.
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5.1 Motivation
The CRISPR-Cas system has attracted a lot of interest in the last decade [van der Oost et al.,
2014]. This kind of prokaryote adaptive immune system is inherent in 10 − 40 % of bacteria
and in the majority of archaea [Burstein et al., 2016], but is furthermore interesting because
it has led to the possibility of a new generation of tools for gene editing [Mali et al., 2013].
It is constituted by clustered, regularly interspaced, short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) proteins. CRISPR are conserved, repeated, and often palindromic
sequences separated by variable < 40 bp spacer sequences of equal length coming from
foreign DNA of phages that have attempted to invade the bacterium. Upon viral infection,
the CRISPR loci account for the memories of previous infections in bacteria. [Barrangou
et al., 2007]
Depending on sequence homology, several CRISPR protein families have been characterized. This work is focused in the Type I Streptococcus thermophilus CRISPR-Cascade system
[Brouns et al., 2008, Sinkunas et al., 2013]. StCascade is a ∼ 450 kDa multisubunit protein
(CasA1B2C6D1E1).
The defense system works as follows (see Fig. 5.1): the CRISPR sequence is transcribed
in a CRISPR RNA (crRNA) which forms a ribonucleoprotein (RNP) complex with the Cascade
protein. This RNP interrogates dsDNA in the cell looking for sequences that match that of
the crRNA, called protospacer sequences. The key to discriminate between the host DNA
and an invading one is a protospacer-adjacent-motif (PAM). In the host DNA, the PAM is
absent, and in the invading DNA, the PAM is present. Finding a PAM leads the complex to
start unwinding the DNA, forming a DNA-RNA hybrid heteroduplex which causes a DNA
strand displacement known as R-loop [Jore et al., 2011]. Upon complete formation of the
R-loop, the protein complex undergoes a conformational change which makes it tightly bind
to the DNA. This conformational change, so-called locked R-loop, allows for the recruitment
of of the helicase-nuclease Cas3 for degrading the invading DNA [Sinkunas et al., 2011, 2013].
Interestingly, CRISPR systems have been shown to be considerably promiscuous when
it comes to mismatch toleration. Mismatches far from PAM are the less inhibitive, while
those close to PAM have been shown to abolish R-loop formation [Semenova et al., 2011,
Wiedenheft et al., 2011]. This promiscuity is beneficial for the host prokaryote system, since
it makes more difficult for the invading DNA to escape from degradation. However, it is very
undesired in genome editing tools, where high precision is pursued [Jiang et al., 2013, Mali
et al., 2013].
In recent years, an emerging interest around CRISPR-Cas gene editing has lead to an in-
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Figure 5.1: Model for CRISPR/Cas systems in prokaryotes. When the cell gets infected
by a virus, the protein complex Cas1-Cas2 (blue) captures a short piece of the viral DNA (blue)
which is then integrated in a CRISPR locus as part of its genome. The newly acquired spacer
sequence is integrated between repeat sequences (black). This way, cells get immunized against
the virus. The RNA CRISPR locus transcript is specifically cleaved by a ribonuclease in the
repeat sequences generating small RNAs (crRNAs), each carrying the viral sequence. A single
crRNA plus the CRISPR associated protein (Cas) will form a RNP complex that will search for the
complementary sequence along the DNA in the cell. The recognition of a matching target (called
protospacer) will lead to the searh for PAM. Recognition of PAM will lead to the degradation of
the latter by the recruitment of an accessory nuclease or by the intrinsic activity of the RNP
complex. In the case of StCascade, Cas3 is recruited. Adapted from [Semenova and Severinov,
2017].

creasing knowledge of the system’s behavior. Single-molecule techniques, and MT specifically, have contributed to the understanding of R-loop formation and locking kinetics and the
unidirectionality of the process by DNA supercoiling [Szczelkun et al., 2014]. It was found
that the process is a sequential zipping that is initiated at the PAM motif upstream of the
target. In addition, a systematic analysis of mismatch position in the protospacer sequence
allowed to understand the role of the mismatch, as well as R-loop locking and subsequent
cleavage by Cas3. When a mismatch is encountered, R-loop formation stalls, followed by
either collapse or overcoming and subsequent completion of the full loop [Rutkauskas et al.,
2015].
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Figure 5.2: Cartoon of the correlated experiment. To characterize Cascade binding and
unbinding, a fluorescent variant Cascade-Cy3 is used in a combined MT-TIRF setup. We aim to
reproduce the R-loop formation assay performed in MT (top) while simultaneouly imaging the
protein under the evanescent wave (bottom).

While undoubtedly informative, these experiments did not provide information on the
actual binding of the protein. Here we employed a combined MT and TIRF microscopy setup
to carry out correlated single-molecule force and fluorescence spectroscopy measurements.
Using fluorescently-labelled Cascade (Cascade-Cy3) complexes we aimed to follow association and dissociation events prior to R-loop formation (Fig. 5.2).
The research presented in this chapter was carried out together with Pierre Aldag in the
laboratory of Prof. Dr. Ralf Seidel in Universität Leipzig during 3 months (June-September
2017) as part of the Egonlabur program for PhD internships (Basque Government).
While the work shown in this chapter is very preliminary, it will be pointed out that it
led to measurements of binding and dissociation times, which reveal important details about
the target recognition mechanisms by CRISR-Cas enzymes. This work will eventually allow
to test emerging biophysical models of this process.

5.2 Experimental methods
5.2.1 DNA fabrication
The first step towards obtaining correlated measurements was the design and fabrication of
a longer DNA molecule compared to those used in previous Magnetic Tweezers assays. This
necessity comes from the fact that the beads employed in this study [Rutkauskas et al., 2015,
2017] are autofluorescent under the wavelength used to visualize Cascade-Cy3 (532 nm). A
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Figure 5.3: Scheme of the plasmids employed to obtain a longer MT substrate. A 2.2
kbp fragment is inserted in the original plasmid of 2.7 kbp, to achieve a new plasmid of ∼ 5
kbp.

longer DNA molecule of ∼ 5 kbp, compared to the 2.7 kbp employed before, could keep the
bead out of the evanescent wave. Furthermore, to confine the fluorophore and thus, the protein, in the vicinity of the surface to visualize it under the evanescent wave, the protospacer
and PAM sequences needed to be moved towards the surface compared to the original construct [Rutkauskas et al., 2015]. Finally, since PEG-based surfaces reduce the background and
unspecific interactions with the surface, as previously discussed in Chapter 2, we decided to
employ them over the previously used anti-dig based surfaces. This required inverting the
handles used in the original construct [Rutkauskas et al., 2015] where anti-dig surfaces were
used.
To meet all these requirements, we designed and constructed a longer plasmid based on
the original pPS1-AA [Rutkauskas et al., 2015] by inserting an additional fragment, λ2 (see
Fig. 5.3).
The entire detailed protocol for the construction of the DNA molecule is detailed in
Appendix F. Briefly, the λ2 fragment was fabricated by PCR. Then, the original pPS1-AA
plasmid was digested and dephosphorilated, to avoid self ligation, and subsequently ligated
to the λ2 fragment leading to a ∼ 5 kbp plasmid (pPS1-AA-long).
pPS1-AA-long was fransformed by electroporation in (E. Coli DH5 α), and cells were
plated. Positive clones could be assessed by colony PCR. Minipreps of the clones incorporating the long construct were carried out, and then a PCR was performed to incorporate
restriction sites in the ends for handle incorporation. Importantly, primers for this PCR were
designed to improve coverage over 85 % and having a centered restriction site. Longer annealing times were required in the PCR and the temperature was increased to 72 °C instead
of 64 °C based also on a gradient PCR.
Additionally, a substrate with the handles inverted was also designed and fabricated for
employing anti-dig surfaces as proof-of-principle experiments (see Fig. 5.5). The fabrication
procedure was the same except that the handles incorporated opposite restriction sites, and
is also detailed in Appendix F.
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Figure 5.4: 0.7 % agarose gel showing the substrate fabrication steps. It was run at 100
V for 1 h. Lane numbers indicate the contained products.

Handles were then fabricated by PCR, and the digested handles and the digested PCR
product were ligated overnight. The product was then purified by cutting from a gel and
the substrate was stored supplemented in EDTA to avoid spontaneous nicks on the DNA,
which would have rendered the DNA non-supercoillable (torsionally unconstrained). All
the intermediate and final products are shown in an agarose gel in Fig. 5.4.
Both substrates were sequenced to check for the proper incorporation of the protospacer
sequence. The results confirmed the incorporation without undesired mutations (see Fig.
5.6).

5.2.2 Employed surface chemistries, beads and buffers
• Buffers
The preparation of all the buffers employed in this study is detailed in Appendix F.
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Figure 5.5: 1 % agarose gel containing the substrate to be cut for the gel, for anti-dig
or PEG-based substrates. It was run at 60 V for 3 h. Lane numbers indicate the contained
products.

Cascade reaction buffer and Cascade imaging buffer were not filtered unless otherwise stated, and PBS or T50 was used in the incubation of beads and DNA, as well as
for obtaining tethers.
• Anti-dig surfaces and commercial beads
For some of the experiments that will be shown, anti-dig surfaces were used, together with 1 µm diameter beads (MyOne Streptavidin, Dynabeads) or 0.5 µm diameter beads (Ademtech).
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Figure 5.6: Sequencing results. Sequence alignment of three clones containing the long plasmid, showing that the protospacer sequence is present. Asterisks reflect that the sequences match
the target protospacer.

The only difference with the anti-dig surfaces protocol explained in Appendix E was
that in this case, for depositing the polystyrene layer an spin coater was used, which
in principle should result in a thinner and more homogeneous coating compared to
the capillarity process employed in the other chapters of this thesis, being the yield
of tethers similar in both cases.
These surfaces and beads permitted the reproduction of previously published experiments [Rutkauskas et al., 2015, 2017] but using labelled Cascade.
• PEG surfaces and homemade anti-dig beads
It is non-trivial to obtain supercoillable tethers on PEG surfaces. Indeed, a standard
protocol for coating surfaces with PEG did not achieve optimal results in terms of
supercoillable molecules so we increased the concentration of Bio-PEG with respect
to PEG to obtain more anchoring points, ensuring that an improper handle attachment would not hinder coiling of the DNA molecules. The protocol is detailed in
Appendix F and is based on concentrations mentioned in [Duboc et al., 2017]. This
protocol differs from that presented in Appendix E not only in the concentrations of
PEG and Bio-PEG, but also employs methanol instead of ethanol for cleaning and the
pegylation of slides is done overnight.
In addition, too few anchoring points in home-made anti-dig beads could also make
difficult to obtain supercoillable tethers. To overcome this, we employed the protocol
based on [Duboc et al., 2017] detailed in Appendix E that ensures optimal labelling of
the magnetic beads (MyOne Tosylactivated, Dynabeads).
These experimental modifications resulted in the obtention of supercoillable tethers
that allowed us to reproduce the behavior of Cascade but using Cascade-Cy3, as well
as preliminary correlated experiments that will be explained in the upcoming sections.

5.2.3

Protein purification and labelling

The protein employed here was purified and labelled by Inga Songailiene (in Prof. Virginijus
Siksnys lab, University of Vilnius) with a 15 % labelling efficiency (for all the batches mentioned below). Purification was similar to that described before [Rutkauskas et al., 2015] and
some batches included the introduction of mutations for specific labelling with Cy3 where
indicated.
Cascade stocks and concentrations
All Cascade-Cy3 stocks were stored at −20 °C, at the following concentrations:
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• Cascade-Cy3: 1 mg · ml−1
• Cascade-S21C-Cy3: 0.5 mg · ml−1
• Cascade-S2C-Cy3: 1.3 mg · ml−1
They were all diluted to a working stock concentration of 32 nM, stored at 4 °C, and
further diluted to the desired concentration for performing experiments. Mainly the variant
Cascade-Cy3 was used, although the three of them were tried, showing no difference in
activity or fluorescence signal.

5.3

Reproduction of MT experiments with
StCascade-Cy3

Being aware of the fact that the low labelling efficiency of the protein (15 %) hindered the
obtention of correlated measurements, this section will focus on the reproduction of MT
measurements but using the labelled protein. It will be shown that the activity of the protein
is the same as that of the WT, but no fluorescence events were detected in the data shown
here.
As mentioned before, two experimental approaches were considered to perform the correlated experiments: the first one was anti-dig surfaces with smaller streptavidin coated
beads in case they gave a lower autofluorescence signal enough to detect Cascade-Cy3 binding events. The second approach was based on using PEG surfaces with anti-dig beads.
• Streptavidin coated 1 and 0.5 µm diameter beads and anti-dig coated glass
surfaces
We reproduced the experiments published before [Rutkauskas et al., 2015, 2017] using
Cascade-Cy3, 1 (MyOne, Dynabeads) or 0.5 µm (Ademtech) diameter beads and antidig surfaces.
Briefly, in a flow cell that had been incubated overnight with anti-dig, non-magnetic
2.8 µm diameter polystyrene beads were deposited as reference beads. Then, the
surface was incubated with BSA, and after that, DNA tethers were obtained with the
beads of interest in T50 buffer. The procedure for detecting Cascade activity on MT
was as follows:
1. We ensured that the bead was torsionally constrained by applying several negative turns and lowering the force from around 2 pN to 0.3 pN, since torsionally
constrained molecules show a decrease in extension upon the introduction of
turns (see Fig. 5.7). This identification could be done by visual inspection, or
tracking the change in height.
2. The rotational offset of the bead was determined by applying turns (from +15
to −15) and checking the center of the bell-shaped curve obtained plotting
the extension of the DNA versus rotations (see the right panel of Fig. 5.7) in
Origin. The number of rotations were rounded up, fractions of rotations were
never used.
3. The Z offset of the tether was determined by applying a low force achieved by
moving the magnets away from the sample for a sufficiently long time (∼ 30
s). It was then subtracted from the measured DNA length.
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Figure 5.7: Reproducing the Cascade assay with Cascade-Cy3. This experiment was performed on anti-dig surfaces and with 1µm diameter beads. As it can be seen in the top panel,
in the case of bare DNA, reducing the force and going from +15 to −15 rotations and back
produced two bell shaped curves, which are symmetrical with regard to each other (right side).
However, if the DNA was incubated with 9 nM Cascade Cy3 (bottom panel), the bell-shaped
curve was distorted by the formation and locking of an R-loop at −2 turns (see red arrow), producing a different curve when going back to positive rotations (right side). Data in the extension
vs. magnet rotation curves were filtered to 1 Hz.

4. A calibration curve was obtained for each molecule by recording extension
and force data at different magnet positions. Then the magnet position for a
reasonable force value (0.3 pN) was annotated.
5. Cascade was flown at the desired concentration (typically 9 nM for a high concentration, or 150 − 200 pM for a low concentration). Turns were applied from
−12 to +12 (around 15−20 turns worked also fine), aiming to detect the R-loop
formation by the protein, which showed characteristic changes in extension as
shown in Fig. 5.7. The subsequent dissociation of the protein can be seen in
Fig. 5.8
As it can be seen in the figure, bare DNA (upper panel) showed a symmetrical extension versus rotation curve. However, when 9 nM Cascade-Cy3 was introduced (lower
panel) an R-loop is formed at around −2 turns (consistent with previously reported
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Figure 5.8: Details on the Cascade-Cy3 assay. These experiments were performed using
0.5 µm beads (left) and 1 µm beads (right) in anti-dig surfaces. In the left panel, it can be seen
that 10 nM Cascace-Cy3 shows no activity at positive rotations (red). However, when introducing
negative rotations, the complex forms the R-loop, changing the shape of the rotation curve (blue).
In the right panel, details on the assay performance are provided. The control DNA (green) shows
no change in the rotation curve. When incubated with 9 nM Cascade, the introduction of −12
rotations induces the formation of the R-loop (red). When going back to +15 positive rotations,
the R-loop shifts the rotation curve (blue). Protein dissociation (yellow, see black arrow) shows
an increase in extension, recovering the original length of bare DNA. Data were filtered to 1 Hz.

values in [Szczelkun et al., 2014]). The locking of the R-loop shifted the curve when
going back to positive rotations, and Cascade-Cy3 could be forced to dissociate by
increasing the force to 2 pN as previously reported. These results prove that CascadeCy3 possesses WT activity.
As a control experiment, we repeated these measurements employing the original
short construct based on a 2.7 kbp, using 1 and 0.5 µm sized beads. Fig. 5.8 shows
how results obtained for the long construct were also reproducible in the short one.
In the left panel, it can be seen how 9 nM Cascade-Cy3 showed the characteristic Rloop formation when going to negative rotations (red curve) which shifts the rotation
curve when going back to positive rotations (blue curve). In the right panel, details on
the Cascade assay are provided, from bare DNA (green) to R-loop formation by going
to negative rotations (red). R-loop locking when going back to positive rotations
(blue) and protein dissociation (yellow, black arrow) are also depicted, which serve
as clarification on how the assay was carried out. These results prove that CascadeCy3 behaves as the WT protein and forms R-loops at the reported rotation values in
different DNA substrates.
• Anti-dig coated 1 µm diameter beads and PEG coated glass surfaces
MyOne M-280 (2.8 µm diameter) beads were allowed to bind onto a Bio-PEG surface.
After that, the flow cell was incubated with Streptavidin for 10 minutes and it was
subsequently extensively washed. Then beads and DNA were incubated in T50 buffer
and introduced in the flow cell to obtain tethers. The Cascade assay was performed
exactly in the same way as in the other functionalized surfaces.
Results are shown in the top panel of Fig. 5.9, proving that the Cascade assay was also
reproducible on PEG-based surfaces. Additionally, we repeated the assay at different
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5.3. Reproduction of MT experiments with StCascade-Cy3

Figure 5.9: Cascade-Cy3 assay at different forces. These experiments were performed in
PEG-coated surfaces using 1 µm anti-dig beads. The top panel shows how the conventional Cascade experiment at 0.3 pN can be reproduced in PEG surfaces. Measurements on 9 nM CascadeCy3 (right) show a distorted rotation curve, corresponding to R-loop formation, compared to
bare DNA (left). The experiment repeated at 1 pN (bottom panel) also shows a different signal
when Cascade-Cy3 is present (right). At high forces, the curve for bare DNA is not symmetrical,
which is widely established in the field due to the mechanical properties of DNA [Lipfert et al.,
2014].

forces including 0.5 pN and 1 pN (see the bottom panel of Fig. 5.9) to show that
Cascade-Cy3 could form the R-loop at higher forces and the shift in the rotation curve
could still be detected. Only 1 pN force data are shown to illustrate the most extreme
case. This characterization at high force was performed in case the bead’s autofluorescence was a problem at the standard 0.3 pN force, from previously published MT
experiments. If that was the case, increasing the force would take the bead out of the
evanescent wave.
In the end, we performed measurements at the usual force of 0.3 pN, because the
autofluorescence was low enough to detect a few preliminary events. Data acquisition
was ultimately limited by the low labelling efficiency of the protein, as it will be shown
in the following section.
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5. Correlated twist and fluorescence measurements of CRISPR/Cascade

Figure 5.10: Preliminary correlated measurement of twist and fluorescence signal.
This measurement was performed on a PEG-coated surface using 1 µm anti-dig beads. In the
fluorescence trace (green) an increase in signal was detected corresponding to a bright dot appearing in the image (white arrow), but disappeared quickly. In the MT DNA length data, an
R-loop was formed right after the fluorescence signal detection (green arrow). The protein dissociated after the experiment (red arrow). The autofluorescence of the bead is visible in the image
(red circle).

5.4

Preliminary correlated experiments

Despite the low labelling efficiency, we managed to obtain a few traces displaying an increase
in fluorescence intensity prior to R-loop formation (see Fig. 5.10). In this section these very
preliminary results will be discussed.
The MT experimental settings on these experiments were the conventional ones employed in previous works [Szczelkun et al., 2014, Rutkauskas et al., 2015, 2017] while the TIRF
settings were adjusted to optimally visualize protein binding. We set the laser power to
50 mW, and operated the EM-CCD camera with a Gain of 300 and a sensor temperature of
−80 °C. The EM-CCD acquisition frequency was set to 10 Hz. Correlated data were analyzed
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5.5. Current state of the work

Figure 5.11: A correlated trace showing binding and dissociation events of CascadeCy5. It can be seen how changes in fluorescence signal are perfectly correlated with changes in
extension. Data were obtained by Pierre Aldag in Universität Leipzig.

using a software employed for correlated measurements in [Kemmerich et al., 2016b] provided by Felix Kemmerich from Prof. Seidel lab.
Autofluorescence signal of the 0.5 µm beads was shown not to be lower than that of the
1 µm ones, and both were bright under the evanescent wave. To overcome this, we adjusted
the penetration depth of the evanescent wave so that the beads were less visible. We obtained
very few preliminary correlated data in experiments performed on PEG surfaces.
As it is depicted in Fig. 5.10, we observed a bright spot (see white arrow) in the vicinity
of the bead. The autofluorescence signal of the bead is enclosed in the red circle. This spot
appeared prior to R-loop formation, but disappeared very fast. Since the R-loop was formed,
we attributed the sudden decrease in fluorescence signal to the fluorophore of Cascade being
photobleached, and not to the dissociation of the protein. However, proper time analysis of
recently acquired correlated data have confirmed that Cascade binding and R-loop formation
happen almost simultaneously, so the measured fluorescence signal is not coming from a
protein binding, but rather from something unspecific. Finally, because these fluorescence
detection events were rare, probably due to the poor labelling of the protein, we could not
obtain any statistics of the time between binding and R-loop formation.

5.5 Current state of the work
Since September 2017, Pierre Aldag has continued working on correlated measurements
making several improvements to the experimental conditions.
A new 2.7 kb substrate is used with the target very close to the surface which then has
a mismatch [Rutkauskas et al., 2015]. This makes Cascade alternate between R-loop and no
R-loop conditions, due to the instability caused by the mismatch, which does not require
altering the torque applied on the DNA to form the R-loop, facilitating data acquisition.
Using this substrate, several tens of events can be recorded within hours.
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5. Correlated twist and fluorescence measurements of CRISPR/Cascade
Experimental conditions include the use of PEG surfaces and anti-dig 0.5 µm diameter
beads (home-coated according to the manufacturer, Ademtech). A new Cascade with a mutation on Cas6 has been produced by Inga Songailiene and labelled by Pierre Aldag with Cy5
(80 % labelling efficiency). Using a 640 nm laser, the autofluorescence of the beads in the
532 nm wavelength is avoided.
Using Hidden Markov Models to fit the obtained data, Pierre Aldag has been capable
of measuring the time delay between binding and R-loop formation and the time delay at
dissociation events, and has statistically characterized those times (see Fig. 5.11).
This study is currently ongoing and will be the subject of a future publication.

5.6 Conclusions
Although we did not achieve the objective of correlatively measuring Cascade-Cy3 while
monitoring DNA lenght, we have demonstrated that the labelled protein works WT-like.
Previously published MT experiments were reproducible using Cascade-Cy3. Furthermore,
experimental conditions for performing the assay were optimized by exhaustively testing
several glass surface functionalizations and beads. Importantly, we have proved that the
assay works properly in all the tested conditions, with the PEG-functionalized surfaces being
optimal for fluorescence measurements.
Preliminary correlated experiments permitted detecting a number of events where an
increase in fluorescence intensity prior to R-loop formation was observed, suggesting that
our assay is correct for such measurements. However, the fast decrease of the signal impeded
calculating binding times. We argue that the low labelling efficiency of Cascade-Cy3 (15 %),
as well as photobleaching events, hindered measuring binding times, because R-loops were
formed despite the decrease in fluorescence.
In summary, the initial developments presented here were helpful to advance towards
correlated twist and fluorescence measurements of StCascade. Current work by Pierre Aldag
has permitted measuring binding times, and will eventually help to a better understanding
of Cascade binding and R-loop formation mechanisms.
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Conclusions
In the present thesis, we have developed a combined single-molecule instrument based
on force spectroscopy and fluorescence microscopy to study (1) the interaction of Bacillus subtilis ParB and (2) Streptococcus thermophilus Cascade with the DNA. The conclusions
for the instrumental part of the project and the biological results are provided below.

Instrumental development
1. We have designed and built a custom setup combining MT and objective-type TIRF
microscopy which can simultaneously exert a controlled force and permits the visualization of fluorescently-tagged molecules. The instrument is versatile because it combines vertical and lateral MT and the fluorescence microscope can switch from epifluorescence and TIRF. We have proved that our setup is valid for studying DNA:protein
interactions at the single-molecule level by a series of characterization experiments.
2. We have achieved multistream laminar flow technology by the implementation of two
computer-controlled syringe pumps and home-fabricated two-inlet flow cells. More
complex flow cells have also been designed for other projects beyond the scope of this
thesis. The device allows a very fast exchange between reagents with ms resolution
that minimizes diffusion.
3. We implemented a lateral pulling approach based on MT which requires minor design modifications to be coupled to conventional MT or a fluorescence microscope.
We have also introduced a device to hold and rotate glass capillaries which ensures
genuine horizontal pulling of DNA. We have proved that both devices apply wellcontrolled constant forces, as well as the successful combined measurements with
fluorescence.

Biological applications
4. We have directly monitored the dynamic nature of the ParB binding showing a fast
and continuous exchange of proteins with the surrounding media using combined
Magnetic Tweezers and TIRF microscopy. Measurements of ParB binding and unbinding rates in the presence of its C-terminal domain (CTD) concluded that the CTD only
competes for ParB binding sites on the DNA in a buffer supplemented with EDTA.
Importantly, we have demonstrated that the CTD of ParB blocks ParB network formation by heterodimerization with the full-length ParB, which remains bound to the
DNA.
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5. We proved that StCascade-Cy3 behaves like the WT protein in several tested experimental conditions, being PEG-based surfaces optimal for fluorescence measurements.
We detected preliminary correlated binding and R-loop formations. Furthermore,
these initial developments facilitated the advance towards correlated twist and fluorescence measurements of StCascade-Cy5, which are now routinely performed.

Instrumental outlook and future experiments
From the instrumental point of view, the perspective is to tune and routinely perform twocolor fluorescence experiments, which would permit to study more complex biological systems by fluorescently-tagging more than one component (i.e. protein or DNA molecule).
This would be optimally achieved by the use of a combination of organic dyes and quantum
dots, since lasers need to be operated separately because their spectra overlap. Ultimately,
it would be desirable to perform FRET experiments to improve the resolution of the system,
for which technical experience and software analysis is now the main limitation. It would
also be interesting to routinely perform experiments under single-fluorophore conditions to
gain local information about protein binding events.
Regarding the study of ParB, the role of the parS sequence remains an open question.
While its role has been proved to be essential in vivo, in vitro single-molecule experiments
have not managed to decipher it. This question could be addressed by means of combined MT
and fluorescence, and conditions to promote the ParB specific interaction. The mechanism
by which Bacillus subtilis Structural Maintenance of Chromosome (SMC) organizes DNA
is also a big unknown, and unraveling its role would be a big advance for understanding
chromosome segregation.
Finally, the goal of correlated twist and fluorescence measurements of StCascade would
be accomplished by the completion of statistically relevant data, which will help to gain
insight on the complete mechanism of DNA binding and subsequent R-loop.

General perspective
The combination of techniques certainly advances the field of single-molecule biophysics.
Combining manipulation by force spectroscopy and fluorescence imaging permits gaining
unique insight on biological mechanisms. The combination of MT and fluorescence, regardless the technique, is unique in terms of parallelization, compared to AFM or OT. Ultimately,
high throughput experiments with high resolution are pursued. High throughput singlemolecule fluorescence has been achieved by DNA curtains, which are based on TIRF imaging, in which hundreds of molecules can be visualized in a single experiments [Visnapuu and
Greene, 2009]. However, DNA curtains lack the precise control over force that force spectroscopy techniques have. A combination of DNA curtains with magnetic probes to exert
force would benefit from the advantages both techniques have, although it is non-trivial.
Probe size could affect the formation of curtains, and forces would need to be characterized,
among other problems. A successful combination would therefore have a striking impact in
the single-molecule technology.
Additionally, it would be interesting to fully understand the role of SMC, as well as the
loading mechanism by ParB. These questions have been addressed by in vivo experiments,
probing that both proteins as well as the parS sequence are essential, but the detailed mechanics remain elusive [Wang et al., 2015, 2017]. Interestingly, the mechanism by which
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BsParB and SMC organize DNA appears to be quite different of that described for eukaryotic Condensin, even if structures are quite conserved among different species [Terakawa
et al., 2017, Ganji et al., 2018]. A complete reconstitution of DNA compaction by both ParB
and SMC at the single-molecule level is required to fully decipher genome organization in
bacteria.
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Conclusiones
En la presente tesis, se ha desarrollado un instrumento combinado a nivel de molécula
individual basado en espectroscopía de fuerzas y microscopía de fluorescencia para
estudiar (1) la interacción de ParB de Bacillus subtilis y (2) Cascade de Streptococcus thermophilus con el ADN. Las conclusiones de la parte instrumental del proyecto y las aplicaciones biológicas se detallan a continuación.

Desarrollo instrumental
1. Se ha diseñado y construido un equipo a medida que combina Pinzas Magnéticas y microscopía TIRF, que puede ejercer simultáneamente una fuerza controlada y permite
la visualización de moléculas marcadas con fluoróforos. El instrumento es versátil
ya que combina Pinzas Magnéticas verticales y laterales y el microscopio de fluorescencia puede alternar entre epifluorescencia y TIRF. Se ha demostrado que nuestra
configuración es válida para estudiar interacciones ADN:proteína a nivel de molécula
individual mediante una serie de experimentos de caracterización.
2. Se ha acoplado tecnología de flujo laminar multicanal mediante la implementación de
dos bombas de jeringa controladas por ordenador y celdas con dos entradas de fabricación casera. También se han diseñado celdas más complejas para otros proyectos
más allá del objetivo de esta tesis. El dispositivo permite un intercambio muy rápido
entre reactivos con una resolución de ms que minimiza la difusión.
3. Se ha implementado un dispositivo de Pinzas Magnéticas laterales que requiere modificaciones de diseño menores para ser acoplado a unas Pinzas Magnéticas convencionales o un microscopio de fluorescencia. También se ha presentado un dispositivo
para sostener y rotar capilares de vidrio que garantiza un estiramiento completamente horizontal del ADN. Se ha demostrado que ambos dispositivos aplican fuerzas
constantes bien controladas, así como su validez para medidas combinadas con fluorescencia.

Aplicaciones biológicas
4. Se ha visualizado de forma directa la naturaleza dinámica de la unión de ParB que
muestra un intercambio rápido y continuo de proteínas con el medio circundante
utilizando Pinzas Magnéticas combinadas con microscopía TIRF. Las medidas de las
constantes de unión y liberación de ParB en presencia de su dominio C-terminal (CTD)
concluyeron que el CTD solo compite por los sitios de unión de ParB en el ADN en
un tampón suplementado con EDTA. Es importante destacar que se ha demostrado
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que el CTD de ParB bloquea la formación de redes de ParB por heterodimerización
con la proteína completa, que permanece unida al ADN.
5. Se ha demostrado que StCascade-Cy3 se comporta como la proteína silvestre en varias
condiciones experimentales probadas, siendo las superficies basadas en PEG óptimas
para las medidas de fluorescencia. Si bien se trata de resultados preliminares, hemos
detectado eventos correlacionados de la unión y posterior formación de ’R-loop’.
Además, estos desarrollos iniciales facilitaron el avance hacia medidas de torsión y
fluorescencia correlacionadas en StCascade-Cy5, que ahora se realizan de forma rutinaria.

Previsiones instrumentales y futuros experimentos
Desde el punto de vista instrumental, la perspectiva es optimizar y realizar de forma rutinaria
experimentos de fluorescencia de dos colores, lo que permitiría estudiar sistemas biológicos
más complejos mediante el marcaje fluorescente de más de un componente (es decir, proteína
o molécula de ADN). Esto se lograría de manera óptima mediante el uso de una combinación
de fluoróforos orgánicos y puntos cuánticos, ya que los láseres deben utilizarse por separado
porque sus espectros solapan. En última instancia, se querrían realizar experimentos FRET
para mejorar la resolución del sistema, para los cuales la experiencia técnica y el software de
análisis son ahora la principal limitación. También sería interesante realizar habitualmente
experimentos en condiciones de fluoróforo único para obtener información local sobre los
eventos de unión de proteínas.
Con respecto al estudio de ParB, la función de la secuencia parS sigue siendo una pregunta abierta en el campo. Si bien se ha demostrado que su función es esencial in vivo, los experimentos in vitro de molécula individual no han logrado descifrarla. Esta pregunta podría
abordarse mediante la combinación de pinzas magnéticas y fluorescencia, en condiciones que
promuevan la interacción específica de ParB. El mecanismo por el cual las proteínas de Mantenimiento Estructural del Cromosoma (SMC) de Bacillus subtilis organizan el ADN también
es una gran incógnita, y desentrañar su papel supondría un gran avance para comprender la
segregación del cromosoma bacteriano.
Finalmente, el objetivo de las medidas correlacionadas de torsión y fluorescencia de
StCascade se lograría al obtener datos estadísticamente relevantes, lo que ayudará a comprender mejor el mecanismo completo de unión al ADN y la subsiguiente formación del
’R-loop’.

Perspectiva general
La combinación de técnicas supone indiscutiblemente un gran avance para el campo de la
biofísica de molécula individual. La combinación de manipulación por espectroscopía de
fuerza y visualización por fluorescencia permite obtener una visión única de los mecanismos
biológicos. La combinación particular entre pinzas magnéticas y fluorescencia (independientemente de la técnica concreta) es única en términos de paralelización, en comparación
con AFM o pinzas ópticas. En última instancia, el objetivo es la realización experimentos
de alto rendimiento con alta resolución. La fluorescencia a nivel de molécula invididual de
alto rendimiento se ha logrado mediante cortinas de ADN, basadas en microscopía TIRF, en
las que se pueden visualizar cientos de moléculas en un solo experimento [Visnapuu and
Greene, 2009]. Sin embargo, las cortinas de ADN carecen del control preciso sobre la fuerza,
control que sí que poseen las técnicas de espectroscopía de fuerza. Una combinación de cortinas de ADN con sondas magnéticas para ejercer fuerza se beneficiaría de las ventajas que
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tienen ambas técnicas, aunque no es trivial. El tamaño de la sonda podría afectar a la formación de cortinas, y las fuerzas tendrían que caracterizarse, entre otros posibles problemas.
Por lo tanto, una combinación exitosa tendría un impacto sorprendente en la tecnología de
molécula individual.
Además, sería interesante comprender completamente el papel de SMC, así como el
mecanismo de carga de ParB. Estas preguntas han sido abordadas por experimentos in vivo,
demostrando que tanto dichas proteínas como la secuencia parS son esenciales, pero la
mecánica detallada sigue siendo desconocida [Wang et al., 2015, 2017]. Curiosamente, el
mecanismo por el cual BsParB y SMC organizan el ADN parece ser bastante diferente del
descrito para la Condensina eucariótica, incluso siendo las estructuras bastante conservadas
entre las diferentes especies [Terakawa et al., 2017, Ganji et al., 2018]. Se requiere una reconstitución completa de la reacción de compactación del ADN por ParB y SMC a nivel de
molécula única para descifrar completamente la organización del genoma en bacterias.
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V | Appendixes
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A | List of MT-TIRF parts
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Reference
10RP04-12
RSP1/M
5214-A
KM100-E02
KM200T
PAC019AR.14
PAC061AR.14
P100S
ST1XY-A/M
CP02/M
ER1-P4
ER8-P4
SM1Z
10BPF10-630
PAC064AR.14
KBX073AR.14 Newport
ZET 488/10x
ZT 488/532rpc-UF2
ZT 635dcrb-UF2
FB520-10
M-UMR5.16
BM11.16
SH1

Manufacturer # units
Newport
1
Thorlabs
1
Newport
1
Thorlabs
6
Thorlabs
2
Newport
1
Newport
1
Thorlabs
1
Thorlabs
1
Thorlabs
2
Thorlabs
1
Thorlabs
1
Thorlabs
1
Newport
1
Newport
1
Newport
1
Chroma
1
Chroma
1
Chroma
1
Chroma
1
Newport
1
Newport
1
Thorlabs
1

Table A.1: List of essential MT-TIRF optical and optomechanical components. Hardware components like detectors, laser and LED, MT piezo
and MT motors are excluded as they are extensively mentioned in the main text. Posts and holders are excluded.

A. List of MT-TIRF parts

Component
λ/4 quartz wave plate
Rotary mount for λ/4 1”
Filter wheel
1” mirror + mount
Mount for 2" mirror (thin)
Beam expander lens 1
Beam expander lens 2
Pinhole
XY mount for pinhole
Cage mount
Cage rods x 4
Cage rods x 4
Z-translation mount
Emmission filter CCD
BFP lens 200 mm
Tube lens 175 mm
Laser line filter
Dichroic for laser line
Dichroic for detectors
EM-CCD filter
Micrometric stage
Micrometric screw
Shutter

B | Technical drawings of custom-built
MT-TIRF parts
In the following pages, the technical drawings for the custom-built MT-TIRF parts are included.

145

B. Technical drawings of custom-built MT-TIRF parts
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B. Technical drawings of custom-built MT-TIRF parts
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C | Tables of laser power characterization measurements
Acronyms used in tables:
• Las.Pow. = Output laser power
• Beam Exp. / B. E. = Beam expander
• Obj. Hot / O.H. = Objective ‘hot’ (measured at 17.00h)
• Obj. Cold / O.C. = Objective ‘cold’ (measured at 9.00h)
• Fluidic Cell / F.C. = Fluidic cell
The first column in each component corresponds to measured power in mW after the
component and the second column (%) corresponds to percentage of power loss at the component.
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C. Tables of laser power characterization measurements
Las.Pow. (mW)

Beam Exp.

B. E. %

Obj. Hot

O.H. %

Obj. Cold

O.C. %

Fluidic Cell

F.C. %

1
2
5
10
15
20
25
30
35
40
45
50

0.94
1.54
3.56
7.1
10.5
13.3
16.2
19.6
23.7
26.2
28.7
33

6
23
28.8
29
30
33.5
35.2
34.66
32.28
34.5
36.22
34

0.36
0.74
1.74
3.31
5.25
3.51
8.04
9.41
11.7
13.1
14.3
16.5

64
63
65.2
66.9
65
82.45
67.84
68.63
66.57
67.25
68.22
67

0.46
0.86
2.07
3.8
6.01
7.38
9.17
10.99
13.3
15
16.37
19.01

54
57
58.6
62
59.93
63.1
63.32
63.36
62
62.5
63.62
61.98

0.39
0.72
1.64
3.16
5.3
6.4
8
9.2
11.4
12.5
13.7
16.4

61
64
67.2
68.4
64.66
68
68
69.33
67.42
68.75
69.55
67.2

Table C.1: Power loss in optical components for the 0.04 OD filter.

Las.Pow. (mW)

Beam Exp.

B. E. %

Obj. Hot

O.H. %

Obj. Cold

O.C. %

Fluidic Cell

F.C. %

1
2
5
10
15
20
25
30
35
40
45
50

0.33
0.55
1.25
2.49
3.78
5.26
6.66
7.9
8.82
9.78
11.3
13

67
72.5
75
75.1
74.8
73.7
73.36
73.66
74.8
75.55
74.88
74

0.1
0.25
0.63
1.15
1.79
2.48
3.25
3.84
4.35
4.84
5.54
6.39

88
87.5
87.4
88.5
88.06
87.6
87
87.2
87.57
87.9
87.68
87.22

0.15
0.29
0.7
1.3
2.12
2.88
3.8
4.38
4.9
5.5
6.28
7.3

85
85.5
86
87
85.86
85.6
84.8
85.4
86
86.25
86.04
85.4

0.06
0.18
0.48
1.1
1.7
2.38
3.16
3.7
4.11
4.61
5.3
6.17

94
91
90.4
89
88.66
88.1
87.36
87.66
88.25
88.47
88.22
87.66

Table C.2: Power loss in optical components for the 0.5 OD filter.

Las.Pow. (mW)

Beam Exp.

B. E. %

Obj. Hot

O.H. %

Obj. Cold

O.C. %

Fluidic Cell

F.C. %

1
2
5
10
15
20
25
30
35
40
45
50

0.19
0.26
0.53
0.97
1.36
1.62
1.84
2.24
2.81
3.41
3.71
3.69

81
87
89.4
90.3
90.93
91.9
92.64
92.53
91.97
91.47
91.75
92.62

0.05
0.09
0.23
0.44
0.65
0.79
0.88
1.1
1.35
1.65
1.82
1.8

95
95.5
95.4
95.6
95.66
96.05
96.48
96.33
96.14
95.87
95.95
96.4

0.06
0.1
0.25
0.5
0.72
0.87
0.99
1.22
1.52
1.86
2.03
2.02

94
95
95
95
95.2
95.65
96.04
95.93
95.65
95.35
95.48
95.96

0
0.01
0.13
0.33
0.52
0.67
0.75
0.94
1.2
1.49
1.64
1.63

100
99.5
97.4
96.7
96.53
96.65
97
96.86
96.57
96.27
96.35
96.74

Table C.3: Power loss in optical components for the 1 OD filter.
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Las.Pow. (mW)

Beam Exp.

B. E. %

Obj. Hot

O.H. %

Obj. Cold

O.C. %

Fluidic Cell

F.C. %

1
2
5
10
15
20
25
30
35
40
45
50

0.13
0.15
0.23
0.38
0.49
0.5
0.56
0.74
0.98
1.13
0.95
1.13

87
92.5
95.4
96.2
96.73
97.5
97.76
97.53
97.2
97.17
97.88
97.74

0.04
0.05
0.08
0.16
0.22
0.24
0.26
0.34
0.46
0.53
0.45
0.54

96
97.5
98.4
98.4
98.53
98.8
98.96
98.86
98.68
98.67
99
98.92

0.01
0.02
0.06
0.14
0.2
0.2
0.25
0.35
0.5
0.54
0.45
0.56

99
99
98.8
98.6
98.66
99
99
98.83
98.57
98.65
99
98.88

0
0
0
0.03
0.08
0.08
0.1
0.19
0.3
0.38
0.29
0.38

100
100
100
99.7
99.46
99.6
99.6
99.36
99.14
99.05
99.35
99.24

Table C.4: Power loss in optical components for the 1.5 OD filter.

Las.Pow. (mW)

Beam Exp.

B. E. %

Obj. Hot

O.H. %

Obj. Cold

O.C. %

Fluidic Cell

F.C. %

1
2
5
10
15
20
25
30
35
40
45
50

0.13
0.14
0.16
0.21
0.26
0.3
0.29
0.31
0.38
0.47
0.48
0.42

87
93
96.8
97.9
98.26
98.5
98.84
98.96
98.91
98.82
98.93
99.16

0.05
0.05
0.06
0.08
0.1
0.13
0.12
0.13
0.17
0.2
0.22
0.19

95
97.5
98.8
99.2
99.33
99.35
99.52
99.56
99.51
99.5
99.51
99.62

0.01
0.01
0.05
0.03
0.05
0.07
0.06
0.08
0.12
0.17
0.16
0.15

99
99.5
99
99.7
99.66
99.65
99.76
99.73
99.65
99.57
99.64
99.7

0
0
0
0
0
0
0
0
0.01
0.06
0.05
0.04

100
100
100
100
100
100
100
100
99.97
99.85
99.88
99.92

Table C.5: Power loss in optical components for the 2 OD filter.

Las.Pow. (mW)

Beam Exp.

B. E. %

Obj. Hot

O.H. %

Obj. Cold

O.C. %

Fluidic Cell

F.C. %

1
2
5
10
15
20
25
30
35
40
45
50

0.17
0.17
0.18
0.19
0.19
0.2
0.22
0.23
0.24
0.24
0.25
0.25

83
91.5
96.4
98.1
98.73
99
99.12
99.23
99.31
99.4
99.44
99.5

0.06
0.06
0.06
0.07
0.07
0.08
0.09
0.09
0.1
0.1
0.1
0.11

94
97
98.8
99.3
99.53
99.6
99.64
99.7
99.71
99.75
99.77
99.78

0
0
0
0
0.01
0.01
0.01
0.02
0.03
0.02
0.03
0.04

100
100
100
100
99.93
99.95
99.96
99.93
99.91
99.95
99.93
99.92

0
0
0
0
0
0
0
0
0
0
0
0

100
100
100
100
100
100
100
100
100
100
100
100

Table C.6: Power loss in optical components for the 2.5 OD filter.
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• Standard buffer:
10 mM PB (pH 7), 10 mM NaN3 , 0.2 mg · ml−1 BSA, and 0.1 % Tween 20
• TIRF buffer:
25 mM Tris (pH 7.5), 200 mM NaCl, 2 mM MgCl2 , 0.2 mg · ml−1 BSA, 0.1 % Tween
20
• MT-TIRF buffer:
50 mM Tris (pH 7.5), 100 mM NaCl, 1 mM MgCl2 , 0.2 mg · ml−1 BSA, 0.1 % Tween
20
• Oxygen scavenger (OS 1):
25 mM Tris (pH 7.5), 200 mM NaCl, 2 mM MgCl2 , 1 mM DTT, 100 mg · ml−1 BSA,
1 mM Ascorbic Acid, 1 mM Methyl Viologen, 10 mg · ml−1 glucose
• Gloxy mixture 100x (to be added to OS 1):
8 mM Tris (pH 7.5), 40 mM NaCl, 5 mg · ml−1 glucose oxidase and 0.04 mg · ml−1
catalase
• Oxygen scavenger 100x (OS 2):
100 mM Trolox, 2 M glucose, 800 µg · ml−1 glucose oxidase and 2 mg · ml−1 catalase
• ParB-Mg reaction buffer:
100 mM NaCl, 50 mM Tris (pH 7.5), 0.2 mg · ml−1 BSA, 0.1 % and 4 mM MgCl2
• ParB-EDTA reaction buffer:
100 mM NaCl, 50 mM Tris (pH 7.5), 0.2 mg · ml−1 BSA, 0.1 % and 1 mM EDTA
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E.1

λ and λ/2 DNA fabrication protocol

This protocol was developed within this thesis based on [Camunas-Soler et al., 2013].
1. Cleave λ DNA (NEB) with XbaI restriction enzyme (for λ/2)

Stock

Volume (µl)

H2 O
CutSmart Buffer (10X)

23
5

λ DNA stock (500 ng/µl)
DTT (0.1 M)
XbaI (20 U/µl)

20
1
1

TOTAL VOLUME:

FINAL
1X
50 mM KAc
20 mM TrisAc (pH 7.9)
10 mM MgAc
100 µg/ml BSA
10 µg
1X
20 Units

50 µl

Table E.1: Plasmid cleavage recipe.
37 °C for 3 h. Inactivate enzyme: 65 °C for 20 min.
2. BIO-DIG Oligonucleotides fabrication
1. Tailing the oligonucleotides:
Name

Sequence

Comments

CosL-tail
CosR-tail
XbaI-A
XbaI-B

[Phos]AGGTCGCCGCCCAAAAAAAAAAAA
[Phos]GGGCGGCGACCTAAAAAAAAAAAA
[Phos]CTAGACCCGGGCTCGAGGATCCCC
GGGGATCCTCGAGCCCGGGT

To be labelled with Biotin
To be labelled with Biotin
To be labelled with Digoxigenin
Unlabelled

Table E.2: Oligonucleotide sequences.
The combinations oligo-BIO/DIG are the ones listed below:
• XbaI-A + DIG (for λ/2)
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• CosL + BIO (for λ/2)
• CosR + BIO (for λ/2 and complete λ)
• CosL + DIG (for complete λ)
Protocol: (37 °C for 30 min, inactivate 75 °C 20 for min).

Stock

Volume (µl)

FINAL

H2 O
CoCl2 (10X)
Reaction Buffer (10X)
110 mM ATP
1 mM DIG-dUTP or BIO-dUTP
100 µM oligo
Terminal transferase (20 U/µl)

36.8
5
5
0.2
1
1
1

1X
1X
0.44 mM
0.02 mM
0.2 µM
20 Units

TOTAL VOLUME:

50 µl

Table E.3: Recipe for oligo labelling.

2. Purify with Qiagen nucleotide removal kit (Elute in 50 µl EB).
3. Hybridation of XbaI-A and XbaI-B
Protocol:

Stock

Volume (µl)

XbaI-A-DIG
XbaI-B
Annealing buffer

48
1
5

TOTAL VOLUME:

54 µl

Table E.4: Recipe for oligo hybridization.

Annealing buffer: 890 µl H2 O + 100 µl Tris pH 7.5 (1 M) + 10 µl MgCl2 (1 M).
PCR cycling, program HYBRXBA2: 95 °C for 1′ , cool down from 80 °C to 10 °C,
−0.5 °C every 10 s (takes around 20′ ).
4. Hybridation of λ or λ/2 and and CosL-tail/CosR-tail
Protocol:
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Volume (µl)

Stock
λ/2 digestion or λ stock
CosL/CosR-tail (labelled)
Annealing buffer
H2 O

15
5+5
5
20

TOTAL VOLUME:

50 µl

Table E.5: Recipe for annealing.
PCR cycling program HYBRLAMB: 72 °C for 10′ , then go slowly down to 42 °C, add
10 µl of hybridized XbaI-A and XbaI-B, leave at 42 °C for 1 h. Then let cool down to
room temperature (takes about 4 h).
5. Final ligation
T4 DNA ligase NEB buffer: 50 mM Tris-HCl pH 7.5, 10 mM MgCl2 , 1 mM ATP, 10
mM DTT
1. Ligase reaction using DNA annealed insert.
Protocol:

Stock
Annealed product

110 mM ATP
1000 mM DTT
500 mM Tris-HCl pH 8.0
25 mM MgCl2
T4 DNA ligase
H2 O
TOTAL VOLUME:

Volume (µl)
60 µl
50 mM KAc
20 mM TrisAc (pH 7.9)
10 mM MgAc
100 µg/ml BSA
1
1
1
3
1
3

FINAL
35.7 mM KAc
14.3 mM TrisAc (pH 7.9)
7.1 mM MgAc
71.4 µg/ml BSA
1 mM ATP
10 mM DTT
4.5 mM Tris-HCl pH 8.0
1 mM MgCl2

70 µl
Table E.6: Recipe for ligation.

Leave overnight at 16 °C and then inactivate at 65 °C for 20′ .
2. Purify using the Microspin S-400 columns and measure concentration.
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E.2 Labelling λ DNA using fluorescein
This protocol was developed within this thesis based on [van Loenhout et al., 2012].

Stock

Volume (µl)

λ fabricated molecule (∼ 100 ng/µl)
10X Labelling Buffer A
Label IT reagent
H2 O
TOTAL VOLUME:

25
5
5
15
50 µl

Table E.7: Recipe for fluorescein labelling kit.
1. Mix the reagents in the above table and incubate for 30 min at 37 °C. Spin once after
15 min.
2. Purify using G50 Microspin columns following Label IT KiT specifications
(a) Vortex to resuspend the resin.
(b) Put in a 1.5 ml tube, loosen the cap 1/4 turn and spin the column for 1 min at
2700 rpm.
(c) Put column in a clean tube and slowly apply 50 µl sample to the center of the
column (careful with the resin bed).
(d) Centrifuge the column for 2 min at 2700 rpm.
(e) Sample ready to use, but not suitable for quantification, since gel filtration
columns can lead to high UV absorbance readings.
Store in a dark tube (or covered with foil) in the fridge at 4 °C.
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E.3 Anti-dig coated glass surfaces
This protocol was developed within this thesis.
1. Place the coverslips in the containers for cleaning, one coverslip per slide. There
are two different containers: glass staining jars or coverslips holders that are placed
inside a 250 ml beaker.
2. Fill in the containers with acetone and sonicate for 30 min. Watch the temperature
of the water in the sonicator. If the temperature is too high after the first 15 minutes
is better to change the water.
3. Pour the acetone in a glass bottle labelled as "Acetone". This recycled acetone will be
used later for cleaning the coveslips with holes, which are not intended to bind any
molecule. If the bottle is already full with acetone from a previous cleaning process,
dispose the oldest acetone in the "Acetone" waste container.
4. Rinse the coverslips with Milli-Q water twice. Throw out the water in the sink.
5. Fill in the containers with 2-propanol and sonicate for 30 min.
6. Take the coveslips off the slides one by one using tweezers and dry them with a low
flow air gun. Place them on top of a microscope slide in petri dishes (2 coverslips per
dish) or in the metallic coverslip rack. The upwards side will be functionalized, so be
careful and avoid touching this side.
7. Throw the used 2-propanol in a glass bottle labelled as "2-propanol". This will be
used for cleaning the coveslips with drilled holes. If the bottle is already full with
2-propanol of a previous cleaning process, throw the oldest 2-propanol in the sink.
8. Clean the coverslips with drilled holes following the steps 1 − 7. The sonication time
can be reduced to 15 min in acetone and 15 min in 2-propanol (instead of 30 min).
Use the acetone and 2-propanol recycled from the cleaning of the coverslips without
holes.
9. Deposition of reference beads (optional − avoid if the flow cell is used for fluorescence!):
(a) Take 1 µl from the stock (new or old) of 1 µm (or 2.8 µm) Dynabeads and
dissolve in 29 µl ethanol. Vortex the dilution for 10 − 15 s.
(b) From this solution take 3 µl and put them on the center of a clean non-function
alized coverslip (without holes). Spare gently with the side of a pipette tip.
Put them in the heating block if necessary but the drying is very fast at room
temperature.
(c) Functionalize with polystyrene as described in the next section.
10. Take one microscope slide, sonicate for 10 − 15 min in 2-propanol, dry it with air and
put it in a 50 ml beaker.
11. Add between 0.5 and 2 ml of polystyrene diluted in toluene (1 %). Obtain this dilution
adding 0.3 g polystyrene to 30 ml toluene.
12. Place a clean coverslip on the microscope slide using tweezers. Beware of putting the
correct surface of the coverslip in contact with the microscope slide. The functionalization solution will move up slowly by capillarity.
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13. Remove the coverslip and store it in a petri dish or a rack until the flow cell is assembled. The functionalized coverslips may have a dirty look but they are fine.
14. Throw the remaining polystyrene in toluene solution to the "non-halogenated" waste
container.
15. Flow in 50 µl (single layer cell) or 100 µl (double layer cell) of 25 ng/µl anti-dig, as an
standard antibody concentration. Cover the holes with two pieces of parafilm paper
to avoid evaporation. Incubate overnight at 4 °C or for 3 hours at 37 °C. The 25 ng/µl
anti-dig solution is prepared adding 300 µl PBS to a 100 ng/µl anti-dig aliquot from
the stock (100 µl).
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E.4 Anti-dig coated glass capillaries
This protocol was developed within this thesis.
1. Take a new or recycled capillary (see recycling section). Flush capillary with isopropanol using a syringe (from side to side).
2. Blow-dry the capillary using compressed air.
3. (Optional, for calibrating. NOT advisable for fluorescence.) Flush capillary with a
solution of reference beads (check the anti-dig surfaces protocol). Incubate in hot
plate for 1 min at 100 °C.
4. Flush capillary using the polystyrene in toluene solution. Let evaporate for a few
seconds.
5. Flush capillary carefully with the 25 ng/µl anti-dig solution. Cap one end avoiding
spilling and fill the whole capillary with the solution. Cap the other end and incubate
overnight at 4 °C or for more than 2 hours at 37 °C. The 25 ng/µl anti-dig solution is
prepared adding 300 µl PBS to a 100 ng/µl anti-dig aliquot from the stock (100 µl).
6. Next morning, wash non-attached antibodies with desired buffer using a syringe. Put
the capillary in BSA for at least few hours. Store it in BSA or a buffer containing BSA.
Recycling capillaries:
(a) Sonicate in a beaker with bleach for up to 30 min.
(b) Flush with 0.5 M Sodium thiosulfate (Na2 S2 O3 ) using a syringe.
(c) Flush with Milli-Q extensively using a syringe.
(d) Flush with isopropanol using a syringe.
(e) Blow-dry capillary and store.
Fabricating caps for capillary ends:
(a) Cut a 10 µl pipette tip to its half.
(b) Burn to seal the end of the tip.
(c) Cut a small piece of flexible tubing and cap it with the closed tip.
(d) Insert on a capillary end to cap it.
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E.5 Assembly of parafilm-based microfluidic cells
This protocol was learnt in Dr. Fernando Moreno-Herrero’s lab.
1. Take one drilled coverslip.
2. Put one (for single layer cells) or two (for double layer cells) parafilm sheets with
a central channel on the drilled coverslip, removing the protective paper. Align the
parafilm layers to avoid blocking the holes.
3. Put a functionalized coverslip over the parafilm layers to form a ∼ 50 µl (single layer)
or ∼ 100 µl (double layer) volume cell. Make sure the functionalized side of the
coverslip is facing inside the channel. The two coverslips must be perfectly aligned
to ensure they fit into the cell holder. In this way the liquid cell is a sandwich made
by two coverslips and parafilm layer (or layers) between them.
4. Put the assembled cell on a hot plate at 150 °C to seal it. Press gently above the
parafilm frame. The parafilm will turn translucent.
5. Let the cell cool down. The parafilm will turn white colour.

E.6

Assembly of double-sided tape-based microfluidic cells

This protocol was learnt from Dr. Gemma Fisher.
1. Cut a piece of double sided tape, or fold it in half for double-layered. To create the
central channel use an aluminium mould and a scalpel to cut the double-sided tape.
This will be the gasket.
2. Take one drilled coverslip.
3. Put the cut gasket with a central channel on the drilled coverslip, removing the protective paper. Avoid blocking the holes. It is convenient to progressively remove the
paper while adhering the tape.
4. Put a functionalized coverslip over the double-sided tape to form a ∼ 30 µl (single
layer) or ∼ 60 µl (double layer) volume cell. Make sure the functionalized side of the
coverslip is facing inside the channel. The two coverslips must be perfectly aligned
to ensure they fit into the cell holder. It is easier to align by placing one side of the
coverslip on the table.
5. Ensure good sealing of the flow cell by gently rubbing a cotton swab on top of the cell
to remove air bubbles on the tape. Do this carefully specially near the hole to avoid
breaking the flow cell.
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E.7 Assembly of capillaries
This protocol was developed within this thesis together with Dr. Fernando Moreno-Herrero.
1. Cut two pieces of around 10 cm of PE-50 tubing and two pieces of around 15 mm of
thermoretractile tubing.
2. Remove one cap and insert one piece of tubing at about 1 cm of the capillary.
3. Insert a piece of thermoretractile tubing ensuring that it connects the capillary and
the tubing properly.
4. Heat the thermoretractile tubing with the gun at low temperature until it seals the
connection, careful not to burn the PE-50 tubing. PE-50 tubing can melt, thus sealing
and disabling the tube. If that happens, carefully cut the thermoretractile tubing using
a scalpel and start again.
5. Check that it flows properly by flushing with a syringe.
6. Mark the bottom side with a permanent marker (choose an arbitrary side); this will
help to find the correct surface if the capillary is disassembled.
7. To place the capillary on the holder, loosen the screws that tighten the rotation
wheels. One rotation wheel will come out.
8. The thermoretractile tube fits exactly in the golden tubes of the holder. Place the
bottom side downwards, center it and slightly and carefully tighten the screws, otherwise it can break.
9. Put oil in the objective and place the capillary holder on top. Approach objective.
10. Connect the PE-50 tubing to the syringe pump tube using a piece of elastic tubing.
This way the syringe pump and the valve can be used.
11. Use a 0.5 ml eppendorf tube as reservoir, so that the capillary can suck form it using
the syringe pump.
12. If lateral magnets are used, they touch immersion oil and get dirty. Be careful and
clean them afterwards.

165

E. Protocols

E.8

Bio-PEG coated surfaces

This protocol was learnt from Prof. Mark S. Dillingham’s lab, optimized by Dr. Gema Fisher.,
based on [Tanner et al., 2008].
Important considerations before starting:
1. Always use gloves (and tweezers, when required) when manipulating coverslips.
2. It is extremely important to use fresh Milli-Q water in all the steps required.
3. Preparation if KOH (if needed):
Do 28 g in 500 ml Milli-Q H2 O. Can be filtered with 0.22 µm filter, but it is not
completely necessary.
4. Preparation of NaHCO3 pH 8.2 (always use fresh):
Do 0.84 g in 10 ml Milli-Q H2 O, filter with 0.22 µm filter.
1. Clean coverslips:
1. Place 14 coverslips in 2 glass staining jars, immerse in EtOH and sonicate 30 mins.
2. Rinse with Milli-Q H2 O twice, by pouring out EtOH and filling with Milli-Q H2 O.
3. Refill jars with 1 M KOH and sonicate 30 mins (check water temperature).
4. Rinse with ddH2 O by pouring out KOH and filling.
5. REPEAT EtOH and KOH steps (check water temperature. Replace water bath in sonicator when hot, normally after 1 h sonication).
2. Silanize coverslips:
1. Fill jars with acetone, empty and repeat.
2. Fill jar third time with acetone and sonicate 10 mins.
3. Remove excess acetone on lid with tissue.
4. Make 2 % v/v of APTES in acetone by mixing 122.5 ml (97.12 g) acetone + 2.5 ml
APTES, in designated glass bottles, one bottle per staining jar.
5. Refill jars with APTES solution and manually agitate with slips for 2 mins.
6. Discard acetone and APTES in designated container.
7. Quench with 1 l Milli-Q H2 O, poured directly into glass jar (quickly).
8. Dry in oven @ 110 °C for 40 min.
9. Allow to cool to RT in dark over 5 mins.
3. Pegylate coverslips (Using 0.6 : 15 % (w/v) Bio-PEG : PEG):
1. Allow PEG/Bio-PEG to equilibrate for 30 min − 1 h before usage.
2. Take 75 mg aliquot of PEG and 3 mg aliquot of Bio-PEG and allow to equilibrate to
RT.
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3. Dissolve PEG aliquots in 0.5 ml total of 1 M NaHCO3 (pH 8.2) by adding to the
storage vial. Never pipette PEG/Bio-PEG solutions, just vortex the vials.
(a) 250 µl to PEG, then vortex 10 s.
(b) 250 µl to biotin-PEG, then vortex 10 s.
4. Transfer the content of the 2 vials to an eppendorf tube and vortex 30 s.
5. Centrifuge for 1 min @ maximum velocity.
6. Deposit 70 µl PEG onto center of coverslip and sandwich second coverslip on top
using spacer coverslip in the ends.
7. Use adapted boxes with pipette tip adapters, sealed with parafilm, with wet tissues.
8. Incubate for > 3 hrs @ RT in the dark.
9. Separate coverslips and wash thoroughly with Milli-Q H2 O.
10. Dry using air gun and store under vacuum and dark in desiccator.
4. Incubate with Streptavidin, after flow cell assembly:
1. Prepare "Blocking Buffer": 20 mM Tris pH 7.5, 50 mM NaCl, 2 mM EDTA, 0.2 mg/ml
BSA, 0.005 % (v/v) Tween 20.
2. Dilute Streptavidin by mixing an aliquot (30 µl) with 90 µl Blocking Buffer.
3. Single-layer flow cell volume is 30 µl and double-layer is 60 µl. Fill the flow cells with
the diluted Streptavidin (1 aliquot serves 2 double layer or 4 single layer flow cells)
and seal inlet/outlet with parafilm (liquid leftovers will seal it).
4. Incubate 1 h @ RT. Avoid refreezing Streptavidin, if possible. If refrozen, mark it.
5. Wash with at least 4 cell volumes of Blocking Buffer.
6. Use readily or store at 4 °C in a humid petri dish sealed with parafilm. Already incubated flow-cells stored at 4 °C should be used ASAP.
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E.9

Anti-dig coated magnetic beads

These protocols were developed within this thesis.
• First version based on Dr. B. Gollnick’s protocol:
Buffers:
Crosslinking buffer: 100 mM Na2 HPO4 · 7 H2 O, 100 mM NaCl pH 7 − 9 (cannot
be adjusted).
100mM PBS, pH 7.0: 140 mM NaCl, 2.7 mM KCl, 60 mM K2 HPO4 , 40 mM KH2 PO4
(adjust pH with HCl).
100mM PBS, pH 7.4: 140 mM NaCl, 2.7 mM KCl, 81 mM K2 HPO4 , 19 mM KH2 PO4
(adjust pH with HCl).
1. Take 250 µl protein G beads (Dynabeads Protein G), place in magnetic rack to
discard supernatant and resuspend in 250 µl crosslinking buffer.
2. Prepare 50 mg/ml DMP (DMP Pierce, Thermo Fisher) in crosslinking buffer (1
mg in 20 µl) and a 1 mg/ml AntiDigoxigenin (Roche) in PBS pH 7 solution.
3. Mix 250 µl beads + 7.5 µl DMP in crosslinking buffer + 15 µl anti-dig in PBS.
Incubate in rocking platform for at least 1 h (RT) − presumably more for increasing efficiency.
4. Place the mixture in the magnetic rack and resuspend in 250 µl 1 M Tris pH
7.5. Incubate in rocking platform for 2 h (RT).
5. Place the mixture in the magnetic rack and resuspend in 1 ml ddH2 O. Repeat
this step twice.
6. Place the mixture in the magnetic rack and resuspend in 500 µl PBS pH 7.0.
Aliquot in 2 tubes.
The final volume is ∼ 250 µl. Final concentration is ∼ 15 mg/ml (less because
some material is lost).
• Second version based on [Duboc et al., 2017]:
1. Wash 50 µl of Dynabeads Tosylactivated MyOne magnetic beads with 100 µl
of sodium borate buffer (SB) and resuspend in 10 µl of SB.
2. Resuspend 200 µg of sheep polyclonal antidigoxigenin (Roche) in 73.5 µl of
SB. Add them to the 10 µl of washed and resuspended beads. Add 41.5 µl of
3 M NH4 SO4 (pH 9.5) to the bead/antibody mixture and incubate for 24 h at
37 °C on a rotating wheel to prevent sedimentation of the beads.
3. Pellet the beads and discard the supernatant. Add 125 µl of blocking buffer (1
x PBS, pH 7.4, supplemented with 5 mg/ml BSA and 0.05 % (w/v) Tween 20
(Roche) to the beads.
4. Incubate the beads in blocking buffer overnight at 37 °C on a rotating wheel.
Next day, pellet the beads and discard the supernatant.
5. Wash the beads three times with 100 µl of washing/storage buffer (1 x PBS,
pH 7.4, supplemented with 1 mg/ml BSA and 0.05 % (w/v) Tween 20) and
resuspended in a final volume of 100 µl of washing/storage buffer. Store at
4 °C.
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F.1 Fabrication of DNA molecules
Procedure:
1. PCR of λ2
PCR

pRSgap
Plasmid BoxI D3; 667 ng/µl
1x

Template (Diluted to 66.7 ng/µl) 20 ng/rct

4 x [µl]
1.2 µl

Primer1: BS_BamHI_Lambda2_pPS1_For_110517,
100 µM Box VII 7A

0.25 µl

1 µl

Primer2: ralfXba11kbRev, 100 µM, BoxI 3F

0.25 µl

1 µl

HF Buffer 5x Phusion HF

10 µl

40 µl

dNTPs (non-labelled), 10 mM each

1 µl

4 µl

Phusion Polymerase

0.5 µl

2 µl

H2 O up to 50 µl

37.7 µl

150.8 µl

Table F.1: PCR of λ2.
PCR Program:
98 °C for 1′
98 °C for 10′′ → 64 °C for 20′′ → 72 °C for 40′′
72 °C for 5

x30

′

→ 4 °C

Purify using the Nucleospin kit.
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2. Digestion of λ2 and pPS1-AA with BamHI and XbaI
Digestion of pPS1_AA
pPS1_AA Plasmid Box I G4 (479 ng/µl)

1 µl

XbaI (20 u/µl)

0.2 µl

BamHI -HF (20 u/µl)

0.2 µl

Cutsmart Buffer 10x

10 µl

Milli-Q H2 O

88.6 µl

Total Volume

100 µl

Table F.2: Digestion reactions.

Incubate for 2 − 4 h at 37 °C, then deactivate 20′ at 80 °C.
Purify using the Nucleospin kit.
3. Dephosphorylation of pPs1-AA
Dephosphorylation
pPS1 digested
Antarctic Phosphatase (1 u/µl)

27 µl ( ∼ 500 ng)

Antarctic Phosphatase Reaction Buffer (10x)

0.5 µl → 5 u/µg
5 µl

Milli-Q H2 O

17.5 µl

Total Volume

50 µl

Table F.3: Dephosphorilation reaction.

Incubate at 37 °C for 30′ and then deactivate at 80 °C for 2′ .
Purify using the Nucleospin kit.
4. Ligation of λ2 and pPS1-AA
Ligation
pPS1 digested and dephosphorylated

30 µl

λ2 digested

27 µl

T4 Ligase

5 µl

T4 Ligase Buffer 10x

10 µl

Milli-Q H2 O

28 µl

Total Volume

100 µl

Table F.4: Ligation of λ2 and pPS1-AA fragments.

16 °C overnight and the inactivate at 65 °C for 10′ .
Purify using the Nucleospin kit.
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5. Electroporate cells (E. coli DH5α)
Prewarm LB medium at 37 °C.
Place special cuvettes for electroporator (with metal piece!) on ice before use.
(a) Mix ∼ 10 ng of ligated plasmid (from now on, pPS1-5kb) and 40 µl of DH5α
cells (1 aliquot). Use around 200 ng of pPS1-AA as a control.
(b) Electroporate cells using electroporator (standard settings, 1700V). Avoid bubbles!
(c) Add 900 µl LB (37 °C), put back in the cells aliquot tube and place on ice.
(d) Place tube in incubator at 37 °C for 1 h with agitation (standard 200 − 250 rpm).
Tape them to the bottom of the incubator.
(e) Centrifuge cells for 5 min at 6000 x g. Take 500 µl of the supernatant and
resuspend the rest.
(f) Plate 100 µl on agar plated with AMP50. Put upside down in incubator and
leave overnight at 37 °C (with NO agitation).
6. Colony PCR
Prepare an agar plate with AMP50 with different sections for clones.
(a) Prepare the PCR mastermix 15x, (14 reactions + 1)
PCR

1x

Pri1: Julene_NotI_Forward, 100 µM Box VII 7B

0.25 µl

Pri2: Julene_SpeI_Reverse, 100 µM Box VII 7C

0.25 µl

15 x [µl]

HF Buffer 5x Phusion HF

10 µl

150

dNTPs (non-labelled), 10 mM each

1 µl

15

Phusion Polymerase

0.5 µl

7.5

H2 O up to 50 µl

37.7 µl

570

Table F.5: Colony PCR reactions.
(b) Pick a colony with an autoclaved toothpick, spread it on the agar plate, and
then place it in the mastermix and rub it to spread in the tube. Repeat for
different colonies.
(c) Incubate the plate overnight at 37 °C to re-grow clones.
(d) PCR Program (PCR LONG)
98 °C for 1′
98 °C for 10′′ → 64 °C for 20′′ → 72 °C for 150′′

x30

72 °C for 10′
→ 4 °C

(e) Load on a 1% agarose gel (2 µl of each clone). Run at 120 V for 50 min − 1 h.
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7. Minipreps of clones (in our case, clones 4, 5 and 13)
Use special falcon tubes with loose caps.
(a) Pick a clone with an autoclaved toothpick.
(b) Add 5 ml LB + 5 µl AMP50 + toothpick with picked clone.
(c) Incubate overnight at 37 °C with 200 − 250 rpm agitation.

(d) Prepare glycerol stocks using 700 µl LB-culture + 300 µl glycerol (80%, autoclaved).
(e) Prepare plasmids using the Nucleospin Plasmid Easypure kit. Notes: buffer A1
is at 4 °C. Perform clarification for 10 min. Wash with buffer AQ and dry for
5 min. Eluted in water heated to 60 °C.
Concentrations were as follows:
Clone 4: 578 ng/µl
Clone 5: 234 ng/µl
Clone 13: 376 ng/µl
All of them eluted in 50 µl.
Because on a first trial Clone 5 worked better for the PCR, everything from now
on was performed on 5. Clone 4 was actually the best regarding the sequence,
and clones 5 and 13 show few point mutations in the λ2 fragment.
8. PCR of pPS1-5kb
pPS1-5kb

PCR

1x

16 x [µl]

Template (Stock, 234 ng/µl) 20 ng/rct

0.09 µl

1.36

Pri1: Julene_NotI_Forward, 100 µM Box VII 7B

0.25 µl

4

Pri2: Julene_SpeI_Reverse, 100 µM Box VII 7C

0.25 µl

4

HF Buffer 5x Q5

10 µl

160

Q5 enhancer

10 µl

160

dNTPs (non-labled), 10 mM each

1 µl

16

Q5 Polymerase

0.5 µl

8

H2 O up to 50 µl

37.7 µl

447.2

Table F.6: PCR reaction for pPS1-5kb.
PCR Program (PCR LONG)
98 °C for 1′
98 °C for 10′′ → 64 °C for 20′′ → 72 °C for 150′′
72 °C for 10

x30

′

→ 4 °C

Purify with the Nucleospin kit and elute in 120 µl water heated to 60 °C (6 columns
x 20 µl). We obtained a concentration of 525 ng/µl.
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9. Digestion of pPS1-5kb
Digestion of pPS1-5kb
PCR product (525 ng/µl)

20 µl

NotI -HF (20 u/µl)

2.5 µl

SpeI (10 u/µl)

5 µl

Cutsmart Buffer 10x

5 µl

Milli-Q H2 O

17.5 µl

Total Volume

50 µl

Table F.7: Digestion of pPS1-5kb reaction.
Purify with the Nucleospin kit and elute in 40 µl water heated to 60 °C (2 columns x
20 µl). We obtained a concentration of 268 ng/µl.
10. Handles fabrication
x1

x 16

pbluescript 1 : 10 (234 ng/rct)
BoxI A3, 559 ng/µl

0.1 µl

1.6 µl

Primer1: pblueFor (BoxI 1A)

0.25 µl

4 µl

Primer2: pblueRev2 (BoxII 3B)

0.25 µl

4 µl

Thermopol Reaction Buffer 10x

5 µl

80 µl

dNTPs (non-labelled)

1 µl

16 µl

Taq Polymerase

0.5 µl

8 µl

H2 O up to 48 µl (384 µl)

36.9 µl

670.4 µl

PCR

Table F.8: PCR reaction for Handles except dUTP.

Split 1 : 1
Dig UTPs/ Bio UTPs
Both from JenaBioscience PCR Box

2 µl

8 µl each

total

50 µl

400 µl + 400 µl

Table F.9: dUTP addition for Handles PCR.
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Program "HANDLES":
95 °C for 2′ 15”
57 °C for 20′′ → 72 °C for 20′′ → 72 °C for 1′ 10”
72 °C for 10

x30

′

→ 4 °C

Purify with the Nucleospin kit and elute in 60 µl water heated to 60 °C (3 columns x
20 µl).
Concentrations: BIO handle: 424 ng/µl and DIG handle: 387 ng/µl
Digest the handles:
BioH 50 µl (2.12 µg)

DigH 50 µl (1.94 µg)

13 µl

—

—

7 µl

CutSmart buffer 10x

10 µl

10 µl

Milli-Q H2 O

27 µl

33 µl

Total

100 µl

100 µl

SpeI 10 u/µl
NotI -HF 20 u/µl

Table F.10: Digestion reaction for handles.
2h at 37 °C, inactivate 20′ at 80 °C
Purify with the Nucleospin kit and elute in 40 µl water heated to 60 °C (2 columns x
20 µl).
Concentrations: BIO - SpeI: 313 ng/µl and DIG - NotI: 341 ng/µl
11. Ligation
Ligation
pPS1-5kb PCR digested

20 µl

BIO-SpeI digested

16 µl

DIG-NotI digested

16 µl

T4 Ligase

5 µl

T4 Ligase Buffer 10x

10 µl

H2 O

33 µl

Total Volume

100 µl

Table F.11: Ligation reaction.
16 °C overnight and the inactivate at 65 °C for 20′ . DO NOT PURIFY.
12. Cut from the gel
Cut from the gel and purify with the Nucleospin kit. Elute in 18 µl water heated to
60 °C.
We obtained a concentration of 37 ng/µl. Store supplemented with 2 mM EDTA.
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(*) Inverted substrate for Anti-Dig surfaces:
Steps 1 − 9 are exactly the same.
10. Handles digestions
DigH 50 µl (1.94 µg)

BioH 50 µl (2.12 µg)

13 µl

—

—

7 µl

CutSmart buffer 10x

10 µl

10 µl

MQ H2 O

27 µl

33 µl

Total

100 µl

100 µl

SpeI 10 u/µl
NotI -HF 20 u/µl

Table F.12: Digestion reaction for handles.
2h at 37 °C, inactivate 20′ at 80 °C
Purify with the Nucleospin kit and elute in 40 µl water heated to 60 °C (2 columns x
20 µl).
Concentrations: pPS1-5kb PCR digested: 484 ng/µl BIO - NotI: 308 ng/µl and DIG SpeI: 417 ng/µl
11. Ligation
Ligation
pPS1-5kb PCR digested

20 µl

BIO-SpeI digested

16 µl

DIG-NotI digested

16 µl

T4 Ligase

5 µl

T4 Ligase Buffer 10x

10 µl

H2 O

33 µl

Total Volume

100 µl

Table F.13: Ligation reaction.
16 °C overnight and the inactivate at 65 °C for 20′ . DO NOT PURIFY.
12. Cut from the gel
Cut from the gel and purify with the Nucleospin kit. Elute in 18 µl water heated to
60 °C.
We obtained a concentration of 37 ng/µl. Store supplemented with 2 mM EDTA.
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F.2

Buffers

1. Cascade buffer:
Cascade buffer 1x
20 mM Tris pH 8

1 M Tris pH 8 Stock

0.2 ml

150nM NaCl

5 M NaCl Stock

0.3 ml

0.1 mg/ml BSA

20 mg/ml

50 µl

MQ H2 O

9.45 ml
10 ml

Total Volume

It can be prepared 10x, stored frozen and then diluted.
2. Imaging buffer:
Cascade Imaging buffer
Cascade buffer 1x

93 µl

Trolox 100 mM

3 µl

D-Glucose 2 M

1 µl

Glucose Oxidase

1 µl

Catalase

1 µl

Total Volume

100 µl

Add Cascade from 32 nM stock up to desired concentration (0.6 µl for 150 pM, usually).
3. PBS:
PBS can be used in the incubation of the DNA obtaining tethers if one wants to avoid
wasting Cascade buffer, and then buffer can be exchanged.
4. T50:
Tris pH 8, 50 mM NaCl.
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F.3

PEG surfaces for coillable DNA molecules

(a) Cleaning slides
1. Put slides on containers. Fill the glass containers with acetone and sonicate for 15
min.
2. Dispose of acetone and rinse with Milli-Q water 4 − 5 times.

3. Put the cover slips into the container and fill with 5 M KOH. Sonicate for 20 min.

4. Take out the cover slips and rinse them with Milli-Q three times (to remove KOH)
and MeOH a few times. Dry with N2 .
5. Pour MeOH into a new empty container and a 200 ml flask and sonicate for 10min.
6. Dry with N2 .
(b) Aminosilanization and PEGylation
1. Pour 150 ml of MeOH into the flask. Add 7.5 ml of acetic acid with a glass pipette.
2. Add 1.5 ml of aminopropylsilane with a glass pipette with low speed into the flask
and mix well.
3. Dehydrate aminopropylsilane for 15 min in vacuum, seal the bottle under nitrogen
and keep in desicator.
4. Pour the mixture quickly into the container with coverslips.
5. Incubate for 10 min on bench top, sonicate for 1 min, and incubate for additional 10
min.
6. In the mean time take out mPEG and biotin-PEG from the freezer and let it sit at RT
in the dark.
7. Make a fresh buffer for PEGylation (10 ml MilliQ water + 84 mg sodium bicarbonate,
pH 8.5 - pH should be 8.5 with this concentration of sodium bicarbonate).
8. After aminosilanization is done, rinse the cover slips with MeOH and water and
MeOH and dry them with nitrogen. Place the cover slips inside the tip box, on top of
the tips arranged to be on four corners of the slides. Fill in the bottom part of the box
with distilled water.
9. Take out 20 mg of biotin-PEG and 175 mg of mPEG and put it in a 1.5 ml eppendorf
tube.
10. Add 750 µl of the buffer and gently mix with pipette (make as little bubbles as possible).
11. Put 70 µl of PEG solution on one cover slip. Place second cover slip gently on top of
it. Incubate overnight.
12. After incubation period, disassemble the slides, rinse them with plenty of Milli-Q and
dry completely with nitrogen. Store the slides in the freezer.

F.4

Anti-DIG beads for coillable DNA molecules

Beads were fabricated following Protocol F.9 (second version) in Appendix F.
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