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Atomic Force Microscopy characterization of DNA-binding proteins involved in the repair
and organisation of DNA

“Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more, so that we may fear less.” — Marie Sklodowska-Curie, first
Nobel Laureate to be awarded a Nobel prize in two disciplines.

On a more relaxed context:

“In this house we follow the thermodynamic laws!” — Homer Jay Simpson
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ABSTRACT

The invention of the Atomic Force Microscope played a fundamental role in the
characterization of nanometric molecular complexes. The Atomic Force
Microscope is a suitable research technique for the study of biomolecules one by
one with the advantage to be an effective technique inside and outside a liquid
medium. However, its use in biology has been limited by the availability of faster
visualization techniques which do not need to deposit a sample on top of a flat
surface. In this thesis | present the result obtained in the study of three biological
processes from a biophysical point of view with Atomic Force Microscopes.

In the first project, three centromere-binding proteins are studied in the context of
their plasmid partition systems. Plasmid partition systems consist of a group of
proteins and DNA-sequences employed for the transmission and stabilization of
plasmid molecules during cellular division. The three organisms, B. subtilis, C.
crescentus and C. botulinum, have developed their partition systems differently.
Regardless, these systems consist of a centromeric sequence near the origin of
replication, a centromeric-binding protein and a NTPase motor protein. The
formation of a segrosome complex, Centromeric-Binding protein bound to DNA, is
showed by Atomic Force Microscopy images revealing a very different structure
for the three biological organisms.

In the second project, two protein of the Homologous Recombination mechanism
are studied. The first, CtIP, is a tetrameric protein with some studies pointing to a
short-resection of DNA-ends activity. The second, Dna2, is a helicase/nuclease
protein with a defined role in the long-resection of DNA-ends in Homologous
Recombination. However, the binding-mode of these proteins to DNA molecules
is not completely understood. Here, | present the data obtained on CtIP and Dna2
DNA-binding properties. Surprisingly, CtIP reliably binds to non-canonical DNA-
ends and was found to join DNA molecules.

In the third project, the activity of the DNA mismatch repair mechanism in natural
competent bacteria is studied. These organisms can introduce and incorporate
exogenous DNA into its own DNA material. However, the DNA mismatch repair
mechanism regulates and repairs the divergent regions between the two DNA
strands. The deactivation of this mechanism increases mutation rate in bacteria.
In this work, the role of mismatch repair proteins of competent B. subtilis bacteria
is shown for the strand-exchange process.



RESUMEN

La invencioén de la Microscopia de Fuerzas Atomicas fue un hito crucial para la
identificacion de complejos moleculares manométricos. Este microscopio es una
herramienta Util en la investigacion de moléculas biologicas tanto en medios
fisiolégicos como al aire. No obstante, el uso de esta técnica para el estudio de
moléculas biol6gicas ha sido limitado por la disponibilidad de otras técnicas de
visualizacion mas rapidas sin necesidad de depositar la muestra en una
superficie plana. En este proyecto de tesis se presentan los datos obtenidos en el
estudio de tres procesos bioldgicos con la Microscopia de Fuerzas Atémicas.

El primer proyecto que se presenta se estudia tres proteinas de union a region
centromerica en el marco de los sistemas de particion de plasmidos. Los
sistemas de particion se conforman de proteinas y secuencias de ADN y su
funcion es la de transmitir y estabilizar los plasmidos durante la division celular.
Los tres organismos aqui presentados, B. subtilis, C. crescentus and C.
botulinum; han evolucionado de manera que sus sistemas de particion difieran en
su mecanismo. De todas maneras, los sistemas de particion estan compuestos
por una proteina de unién a regién centromerica, una NTPasa proteina motora y
una secuencia de ADN localizada cerca del origen de replicacién. La formacion
de un complejo, denominado segrosoma y diferente para cada organismo, entre
varios de estos elementos se muestra con imagenes adquiridas con una
Microscopio de Fuerzas Atomicas.

En el segundo proyecto se presentan los datos obtenidos en el estudio de dos
proteinas del proceso Recombinacion Homologa. CtIP es una proteina
tetramerica de la que algunos estudios sugieren una actividad clave en la
reseccion corta de finales rotos de ADN y Dna2 es una helicasa/nucleasa con un
rol definido en la reseccién larga de finales rotos de ADN. Sin embargo, el modo
de unién de estas proteinas a moléculas de ADN no esta del todo desvelado. En
esta tesis, se presentan los datos obtenidos en la interaccion de ambas proteinas
con ADN. Sorprendentemente, se desvela que CtIP puede unirse con facilidad a
finales no-candnicos de ADN y puede realizar uniones entre moléculas de ADN.

En el Ultimo proyecto se presenta el rol del mecanismo de reparacion de
desajustes del ADN en bacterias naturalmente competentes. Estos organismos
pueden introducir e incorporar ADN exdgeno dentro de su propio ADN. En este
caso el mecanismo de reparacion de desajustes del ADN regula y repara las
inserciones de ADN divergente. La desactivacion de este mecanismo aumenta la
ratio de mutaciones en bacterias. En esta tesis se ha estudiado el rol de este
mecanismo en las bacterias naturalmente competentes de B. subtilis.
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ATP ..... Adenine-Tri-Phosphate
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Introduction

|. INTRODUCTION

The topic of this thesis is motivated on the study of several biological processes
via the single molecule technique referred as Atomic Force Microscope. This first
chapter is a broad introduction onto both, the research technique and the
biological processes, for the reader to better understand the results and
discussions provided on the following chapters.

‘In science, everything is new because other people did not dare to try it’-
Heinrich Rohrer, co-inventor of the Scanning Tunnelling Microscope
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The writing of an introductory chapter is one of the most challenging aspects of
the creation process of a scientific thesis. The introduction must present the
necessary information for the reader to understand the motivation, background,
results and most importantly, relevance of the scientific work performed by the
doctoral student. In this case, this chapter will describe the Atomic Force
Microscope, AFM, and two biological processes related to the maintenance and
repair of the deoxyribonucleotide acid molecule or DNA. The field of study was
carefully chosen considering the scientific background of the director and the tutor
of this thesis, Fernando Moreno-Herrero and Julio Gomez-Herrero respectively.

To introduce the Atomic Force Microscope, | will describe the concepts of
‘Microscopy” and single molecule techniques, in which the AFM is included. The
invention, evolution and future prospects of the AFM are further reviewed.

To continue with the introduction, | will present a description on the two biological
mechanisms, plasmid partitioning and DNA repair, studied with an Atomic Force
Microscope.

|.1 Microscopy or the art to observe the small

From the Cambridge’s University Dictionary, “microscopy is the use of lenses to
make very small objects look bigger’. However, | would like to give a more
personal definition for microscopy as “the art of observing microscopic particles or
processes”.

Science and art have been closely related since the first Homo sapiens tried to
understand the events and conditions surrounding them. As humans we are
terrified of the things we cannot describe. Science and art, thus, are means to
reveal the unknown. In the case of microscopy, the study of “small objects” would
help the society to understand the processes that are too small for the human eye
to be observed. Separating science from art or eliminating one of them would be
an error impeding a proper visualization or understanding of the world.

From Cambridge’s University Dictionary definition, a microscope would appear
limited to the magnification provided by the use of lenses and, subsequently, a
light source. However, in 1883, a scientific study described the limitation in
resolution of a technique by the application of a light source as signal in
magnification instruments [Abbe (1883)]. From this study, the use of a white light
source would limit the resolution of an optical microscope to around 0.2 pm, or,
more or less, half the wavelength of the light used. To overcome this limit, the
scientific community developed “microscopy” techniques that are not based on
the direct illumination and visualization of regions of interest. The 1986 Nobel
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prize in physics was awarded to Ernst Ruska for the Electron Microscope and
Gerd Binnig together with Heinrich Rohrer for the Scanning Tunnelling
Microscope, STM. Both microscopy techniques are not based on the use of a
direct ilumination source directed to the sample region and, thus, are better suited
for the acquisition of images of small compounds or molecules than a typical
optical microscope. The image acquisition process of an Electron Microscope is
based on the scattering pattern of electrons bombarded to a surface [Knoll and
Ruska (1932)]. On the other hand, the Scanning Tunnelling Microscope scans a
conducting sharp tip along a conductive or semi-conductive surface mapping the
electric current tunnelled through both of them [Binnig, et al. (1982)]. Alternatively,
other microscopy techniques have been developed to overcome the diffraction
limit based on light illumination, as the Stochastic Optical Reconstruction
Microscopy or the Photoactivated Localization Microscopy, or based on other
concepts such as the photoacoustic effect among many others [Betzig, et al.
(2006); Rust, et al. (2006); Yao and Wang (2013)]. These microscopy techniques
were developed on the basis of different scientific concepts and, thus, would
require a whole different chapter for an in-depth description. Therefore, we will
focus our attention into the STM considering it as the precursor of the Atomic
Force Microscope.

In 1981, the first Scanning Probe Microscopy technique was invented, the
Scanning Tunnelling Microscope It was applied to the study of metallic material
surfaces [Figure I-1A] [Binnig, et al. (1982)]. The limitation of the STM was the
requirement of an electric current between a tip and a surface, thus, requiring a
conductive or semi-conductive surface. However, its creation paved the way to
the development of other microscopy techniques derived from the concept of an
interaction between a surface and a sharp tip. These techniques are referred as
Scanning Probe Microscopies. The actual Scanning Probe Microscopies
appeared from the popularization of the STM among the scientific community and
the many advances around the technique. The developments were focused on
cantilever microfabrication, fabrication of sharper tips and faster and more
complex electronic controllers. These advances permitted a more precise
movement and detection of the tip deflection by the interaction with a surface.
This increase in precision allowed the detection of the atomic forces between a tip
and a surface without the necessity of an applied electric current. The technique
was named “Atomic Force Microscopy” [Binnig, et al. (1986)].

Nowadays, optical microscopes are applied to the study of living organisms, such
as bacteria, under physiological conditions or to control the building process of
small synthetic compounds, such as microchips, which are in the order of
micrometres [Figure I-1 C]. In addition, the Scanning Probe techniques have been
widely used for the study of individual particles or molecules [Figure I-1 A-B and
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D]. These microscopy techniques popularized a new scientific field of study
referred as single-molecule studies. The single-molecules studies are applied to
the understanding of transient or rare molecular processes. These processes are
susceptible of being masked by averaging under high molecular concentrations or
under chaotic environments. The features of the single-molecule analysis made
them a suitable choice for the study of biological mechanisms from a physical
point of view. The results presented in the following chapters of this thesis are a
part of the single-molecule studies field.

The next section will introduce the origins of the single-molecule studies and their
relevance in this thesis.

Gold film 1983 i Fibroblast Optical Microscope

Figure I-1 Images of a gold surface obtained by STM at different years and images of a

fibroblast with an optical microscope and AFM.
A) Topography of a gold surface at 300°C. The distance between division sheets is of 1 nm with
directions marked on top by three arrows. The dots indicate the position of the gold atoms. Image
adapted from “Binnig and Rohrer (1983)”. B) Topography of a gold film grown on mica. Image
adapted from “Kim and Bard (1992)”. C) Fibroblast cell under optical microscope. Image adapted
from Uzman (2003). D) Topography of a fibroblast under AFM. Image adapted from “Haga, et al.
(2000)".

1.2 The beginning of the single-molecule studies

Traditionally, scientific research is performed on large ensembles of molecules or
molecular complexes. The manipulation of large concentrations or quantities of
products makes the research processes easier to handle but harder to acquire for
the researcher. One example from biochemistry is the production of highly-
concentrated and pure proteins from cell cultures suitable for electrophoretic
assays [Hellman and Fried (2007)]. These assays are valued methods for the
analysis of molecular weights and molecular interactions for charged molecules.
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The characteristics of this technique allows for the separation of the molecules of
interest altogether according to their movement through a viscous gel by the
circulation of an electric current [Smithies (1955)]. However, in the case of
molecules with similar properties, the technique may not resolve them. In this
situation, the biochemical assays can be complemented with other research
techniques [O'Farrell (1975)]. Contrary to the many available bulk techniques,
some scientific methods were developed to offer the possibility to analyse
molecules or processes one-by-one. In 1976, the considered as first single-
molecule technique, the patch-clamp, was invented by Erwin Neher and Bert
Sakmann. This technique is able to measure the electric current passing through
a single ion channel embedded on a cell membrane [Neher, et al. (1978)]. For
their discovery, they received the 1991 Nobel Prize in physiology or medicine
“concerning the function of single ion channels in cells” [Greger (1991)]. Today,
the single-molecule studies have been popularized by the access to many
different techniques. Therefore, the selection of the correct technique for the
study of a molecule or process relies on the availability and suitability of the
system.

Among the available techniques, the Atomic Force Microscope was found to be
the best option for this thesis study. The AFM acquires topographic images of
particles with sizes ranging from a couple of Angstroms (10! nm) to tens of
micrometres (104 nm) [Figure I-2]. The technique operates in the expected range
for protein (1-100 nm) and DNA sizes (1 to 1x104 nm). The advantage of the
Atomic Force Microscopy among other single-molecule techniques is the
possibility to acquire nano-scale images in physiological conditions. Ultimately,
the decision also took into account other factors such as availability of expertise
and access to an stablished and proficient Atomic Force Microscopy community.
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___ Molecules Cells .
Atoms Organelles Humaneye

|Optical Microscope| i
| Electron Microscope |

|Atomic Force Microscope|
Figure I-2. Graphical representation for the resolution power of various microscopy
techniques and model objects.
EM and AFM resolution in comparison to the human eye and light microscope in the context of
biological and molecular objects. Image adapted from Kaufmann, et al. (2014) and Ode, et al.
(2012).
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1.3 Atomic Force Microscopy functionality for the
study of biological processes

Biological processes are defined as the main vital reactions of an organism.
Frequently, these processes are chemical reactions performed by proteins of the
organism. During these processes the proteins interact with each other in a
regulated and coordinated manner. However, the quantity of proteins in a human
cell is estimated to be around 2x107 proteins divided into, approximately, 1x10¢
protein structures depending on the cells size, function and state [Beck, et al.
(2011)]. The immense quantity of proteins inside a cell derives from their high
specificity and the abundance of individual biological reactions. Consequently, the
many individual proteins of the same organism are of very different chemical
structure, shape and size. For example, a globular protein has a compacted 3D
shape [Wu, et al. (1997)] [Figure I-3 A-B]. On the contrary, proteins with coiled-
coil domains have elongated domains with rod-like shapes [Eeftens, et al. (2016);
Wilkinson, et al. (2019)] [Figure I-3 C-D]. Hence, the single-molecule technique
employed for the study of biomolecules must be adapted for the analysis of a
variety of particles in dynamic roles.

The possibility to acquire images of particles or complex biological systems made
Microscopy a suitable technique in this case. Nevertheless, the decision remained
among the many Scanning Probe, Electron and Fluorescence microscopies. The
Electron Microscope has seen an increase in scientific research publications
through the recent years but the technique is not capable of acquiring dynamic
information and requires a complex sample preparation [Kourkoultis, et al. (2012)].
Fluorescence microscopy techniques rely on the light absorption and emission of
particles such as Green-Fluorescence Protein or Quantum Dots for the
visualization of dynamic and static processes [Madariaga-Marcos, et al. (2019)].
Lastly, the Scanning Probe Microscopes scan a surface with a sharp tip. They
were initially thought for the study of metallic materials but an intense
development through the years saw a rise in popularity of the SPMs in the study
of biological processes [Bustamante, et al. (2000);Ando, et al. (2001) ; Carrasco,
et al. (2008)]. However, the Scanning Probe Microscopes require an interaction
between the particle of interest and a surface which may modify the reactions
outcome [Hansma (2001)]. Among the variations of the Scanning Probe
Microscope (Atomic Force for the detection of particles, Kelvin Probe for the
detection of surface potentials, Magnetic Force for detection of magnetic fields...)
the Atomic Force Microscope is a valid technique for the study of biological
processes together with the ample experience in its use at Fernando Moreno-
Herrero’s research group.
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Initially the Atomic Force Microscope images were acquired at a slow rate. The
acquisition speed was sufficient for the study of stable materials but not for
moving molecules or dynamic processes. The evolution of the technique through
the years offered the possibility to obtain high-resolution static images or dynamic
videos of molecules deposited onto a surface [Figure |-3] [Kodera, et al. (2010)].
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Figure I-3. AFM images of a globular protein and a coiled-coil protein with profiles of the
proteins.

Comparison of two AFM images of a globular protein and an elongated protein with profiles along
three selected molecules. A) AFM image of the globular protein TubR, scale bar is 100 nm. B)
Profile along the three molecules enclosed in the image A) with horizontal sizes of 15, 12 and 13
nm and height on the order of 0.5-0.6 nm. C) AFM image of the elongated protein CtIP, scale bar
is 100 nm. D) Profile along the three molecules enclosed in image C) with horizontal sizes of 63,
57 and 78 nm and height on the order of 0.4-1.2 nm.

|.4 The evolution of the Atomic Force Microscopy
from its beginnings

In 1986, one of the inventors of the Scanning Tunnelling Microscope modified one
of the STM systems to control the flexure of a cantilever with a sharp tip at the
end when scanning a surface [Figure |-4 A]. In the beginnings, the most important
components for the good resolution of the Atomic Force Microscope images were
the long and flexible cantilevers acting as a spring and the sharp tip attached at
the end of the cantilever. The surface resolution of an Atomic Force Microscope is
set by the detection of the bending angle of the cantilever. Therefore, cantilevers
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with a low spring constant (0.1 N/m) are more sensitive to surface features
because the force required for bending the cantilever is lower. However, a stiffer
cantilever with a higher resonance frequency decreases the sensitivity to the
vibrational noise from a building, around 100 Hz. The solution was to employ a
low-mass cantilever. With an “ultrasmall mass” cantilever the system was capable
of measuring the movement of the cantilever a distance of 104 A by a force as
low as 10-'8 N [Binnig, et al. (1986)]. The force was on the order of the atomic
forces between single atoms, thus, the given name to this technique was Atomic
Force Microscope. Before the AFM, the techniques suitable for the study of
insulating surfaces were scarce; mainly, the Stylus Profilometer which had a
horizontal resolution of 100 nm, a vertical resolution of 1 nm and a loading force
of 102-10- N [Williamson (1967)].

A B

a '—' f
cy 0 | | U= - - Tip-sample

_____ Distance

Figure I-4. First experimental setup for Atomic Force Microscopy and Lennard-Jones
potential of forces.

A) Experimental setup by Binnig, et al. (1986) for the first AFM. a = piezo electric scanners and
feedback for the AFM; b = sample; ¢ = modulating piezo; d = AFM tip; e = STM tip; f = feedback
for the STM system. B) Lennard-Jones potential of interaction forces between tip and sample.
Solid line denotes the overall Lennard-Jones potential; dashed line for repulsive forces represent
the short-range Coulomb forces and for attractive forces the van der Waals forces. The green
regime corresponds to the tip-sample distance for which the dominating forces are attractive,
referred as non-contact, and the red regime to the tip-sample distance with dominating repulsive
forces, referred as contact.

To maintain a constant force on the surface of interest, an Atomic Force
Microscope utilizes a feedback system. The feedback system controls the
bending of the cantilever. A piezo-electric material connected to the opposite end
of the tip-attached cantilever keeps the bending constant throughout the process
of image acquisition [Binnig, et al. (1986)]. The resulting mode of operation was
called “contact mode” as the AFM tip touches the surface. In this case, the
‘contact” regime refers to a tip-sample distance for which the dominating forces
between tip and surface are repulsive [Figure I-4 B red regime].

In 1987, atomic resolution was achieved for graphite, a conductive material, and
boron nitride, an insulator material, surfaces with microfabricated silicon tips in
“‘contact” Atomic Force Microscopy [Petersen (1982); Binnig, et al. (1987)] [Figure
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[-5 A]. Initially, the images acquired of graphite in air and Room Temperature
conditions with these tips were compared to the ones acquired by a STM.
However, the results were a topographic image for AFM and a combination of
topography and electron density image for the STM [Binnig, et al. (1987)]. During
this work the authors attempted to acquire atomic resolution data in the attractive
regime of forces between tip and sample, known as “non-contact mode”, but were
not successful [Figure I-4 B green regime]. To effectively obtain images in the
attractive regime, they proposed to enclose an AFM into a Ultra-High Vacuum
enclosure to increase the signal to noise ratio and decrease thermal drift [Binnig,
et al. (1987)]. Around the same time, the group of Paul K. Hansma was able to
reproduce the images with atomic resolution obtained for graphite inside a liquid
medium [Marti, et al. (1987)].

Laser source

Photodetector

Reflective surface

Tip
i 5 ] Sample
Figure I-5. Boron nitride i lmage acqulred by AFM and cantilever detection system with laser

optics.
A) Atomic resolution image of the insulator material boron nitride acquired by Binnig, et al. (1987).
1 marks the position of strong spots and 2 marks the position of weak spots. B) Cantilever
detection system with a laser source and a photodetector developed by Meyer and Amer (1988).

The use of contact mode for atomic resolution was controversial for the following
years [Ohnesorge and Binnig (1993)].At the time, the theory and knowdledge
about material surfaces suggested that the surfaces were not uniform due to the
presence of defects [Pethica and Oliver (1987)]. However, the strong interaction
between the tip and the sample could modify the shape of the tip and of the
surface creating images of surfaces with no defects [Figure I-1 A-B]. To overcome
this problem, the “non-contact” operation mode was developed [Martin, et al.
(1987), Albrecht, et al. (1991)]. In this mode the cantilever is oscillated at its
resonance frequency and the feedback signal is originated from the change on
the oscillation frequency, referred as frequency-modulation, due to the tip-sample
interaction. For Frequency Modulation-Atomic Force Microscopy, atomic
resolution in Ultra-High Vacuum was not achieved until 1997 and in air until 2003
[Sugawara, et al. (1997); Seo, et al. (2003)].

Following in 1988, Gerhard Meyer and Nabil Amer substitued the Scanning
Tunnelling Microscopy detection system on the Atomic Force Microscopy
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cantilever for a novel optical system [Meyer and Amer (1988)] [Figure I-5B]. This
detection system was demonstrated to recognize changes of 104 A in a surface
reliably [Amer (1983); Amer, et al. (1986)]. Additionally, this method simplified the
AFM architecture contributing to the later popularization of the technique.

In 1991, the acquisition of high-quality images in Atomic Force Microscopes
would, typically, take minutes. The bottleneck was the time needed for the
movement of the piezo-electric materials and the response time of the feedback
systems. To reduce the “tedium out of imaging” the idea of a high-speed AFM
was starting to grow into the AFM scientific community [Barrett and Quate (1991)].
The first solution found was to acquire AFM images in constant-height mode and
to scan 1 every 10 lines, in images of more or less 500 lines. In constant-height
mode the piezo-electric material attached to the AFM tip does not move
throughout the acquisition process to maintain the cantilever at the same height.
Furthermore, by scanning 1 out of 10 lines the process was 10 times faster “since
most features of interest are larger than 10% of the image”. The result was a
scanning speed of 3 Hz or 3 images per second [Barrett and Quate (1991)].

In 1993, Digital Instruments™ developed an operational mode for image
acquisition of soft samples in Atomic Force Microscopes. The new mode would
operate between the repulsive and the attractive regimes by moving the tip
between them by, theoretically, this would remove the effect of the compression
and shear forces of the “contact” mode and the difficulty to operate on “non-
contact” mode [Zhong, et al. (1993)]. “Tapping mode” was the name given to it.
Similar to “non-contact” mode, the AFM cantilever is made to oscillate at its
resonance frequency. However, the tip makes contact with the surface at each
oscillation cycle. In the case of “tapping” mode, the feedback signal is originated
from the change on the amplitude of oscillation, Amplitude-Modulation.

Advances in force control and image quality made the Atomic Force Microscopy a
valuable technique for the study of soft-materials. Besides, acquisition of images
for samples submerged in water or solution was relevant for the study of
biomolecules. Therefore, the following years some research groups were focused
on the development of AFM for the study of proteins or cells and later, with the
“tapping” mode, of DNA-related processes [Drake, et al. (1989); Haberle, et al.
(1992); Bezanilla, et al. (1994); Guthold, et al. (1994)].

From 1993 onwards, the main improvements for biomolecule imaging were
focused on three different approaches:

1) To increase the scanning speed of the AFM to detect dynamic behaviour
of molecules or reactions in their native environment [Radmacher, et al.
(1994); Thomson, et al. (1996)].
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2) To further decrease the lateral force exerted by the raster-scan of the tip
along the surface [Anselmetti, et al. (1994); Hansma, et al. (1994)].

3) To perform force-spectroscopy analysis with AFM or combine an AFM
system with other microscopy techniques for molecular recognition
[Gumpp, et al. (2009); Hinterdorfer and Dufréne (2006)].

A milestone was reached in 1996. Chemical etching allowed the fabrication of
short cantilevers, being the smallest between 23 pm and 12 pm dimensions
[Walters, et al. (1996)]. These cantilevers were fabricated from silicon nitride and
were gold coated for an improved laser deflection. The sharp tetrahedral tip was
located on one end. The short cantilevers are stiffer, thus, oscillating at a higher
resonance frequency and decreasing the thermal noise. The higher resonance
frequency is required for high-speed imaging as the tip must oscillate numerous
times on top of each point of the sampled surface [Ando (2018)]. As a simple
calculation, for a 1 Hz imaging speed of a 128x128 pixels per image, the
oscillation frequency of the cantilever should be on the order of 30 kHz following
Equation 1. Contemporary commercial cantilevers by Olympus have a typical
resonance frequency in liquid medium of 25 kHz [Olympus Biolever Mini, BL-
AC40TS-C2]. The drawback of the short cantilevers is the increased difficulty to
operate the optical system for the detection of cantilever bending [Figure I-5 B.

_2N?

r= f- Equation 1

Equation 1. Time required for image acquisition in an Atomic Force Microscope.
T represents time for image acquisition, N the number of pixels in an image and f. the resonance
frequency of the cantilever. The 2 arises from the time forward and backward scanning directions.
Equation accounts only for one tap of the cantilever per pixel.

In 1998, specifically related to this thesis, a small company dedicated to the
development, production and commercialization of Scanning Probe Microscopes
started at the “Universidad Auténoma de Madrid”. Nanotec Electronica S.L. was
established by four researchers specialized in nanoscience studies with SPMs:
Arturo M. Bard Vidal, Jaime Colchero Paetz, José M. Gémez Rodriguez and Julio
Gomez Herrero. The company was involved in several research and
developmental projects of hardware and software for their SPMs [Horcas, et al.
(2007); Gimeno, et al. (2015)]. The motivation was the presence and growth of a
strong SPM community in Spain [Pascual, et al. (1993); de Pablo, et al. (1998);
Moreno-Herrero, et al. (2003)]. The Atomic Force Microscopes operated at the
“Centro Nacional de Biotecnologia-CSIC” during the work shown in this thesis
were produced by Nanotec in 2008 and 2011 [Figure I-6].
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Figure I-6. Nanotec Electronica AFM employed during the thesis.
Cervantes model AFM system from Nanotec Electronica S.L. Red box highlights the position of
the AFM mechanical parts and orange box for the electronic controllers.

In 1999, the first high-speed images of DNA molecules were acquired and
presented in the article by Viani, et al. (1999). They worked with a brand new
Atomic Force Microscope prototype with improved optics adapted for small
cantilevers and a novel approach to apply the response signals. The Atomic
Force Microscope was equipped with an Optical Beam Detector capable of signal
detection for cantilevers of 3-5 pum wide and 10-14 pm long with a high
resonance frequency, 100-200 kHz in liquid, and low spring-constant, 0.1-0.2
N/m, and a home-built RMS-to-DC for the ampilification of the cantilever deflection
signal to filter the feedback signal around the tapping frequency [Walters, et al.
(1997)]. The whole system was capable of acquiring images for soft materials as
DNA molecules at 1.7 s time without any major disturbance of the sample.

In 2001, a film acquired of the molecular motor myosin V at a rate of 10 Hz was a
breakthrough for the popularization of High-Speed Atomic Force Microscopes
[Ando, et al. (2001)] [Figure I-7 A]. Supplementary to the small cantilevers and
Optical Beam Detectors, Toshio Ando developed a fast piezo-electric scanner
and a fast-amplitude detector. The piezo-electric scanner was modified to reduce
the drift and the response times of the scanner. The fast-amplitude detector
allowed the system to detect changes in the oscillation amplitude each half
oscillation cycle, contrary to the several oscillation cycles needed in Walters and
others (1996). Nevertheless, the development of High-Speed and other AFM
applications was still in motion.

|.5 High-Speed Atomic Force Microscopy

At the beginnings of the High-Speed AFM there were some difficulties related to
the image acquisition of fragile biological samples [Ando (2018)]. Studies have
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demonstrated how fragile molecules are affected by the interaction forces exerted
by the AFM tip in different image acquisition methods [Moreno-Herrero, et al.
(2004)]. Therefore, the High-Speed AFM kept evolving, much alike to a living
organism, in the hands of many researchers. The same objectives were kept from
the previously presented objectives for conventional AFM: to lower the acquisition
time and to maintain a small force between the tip and the sample. The group of
Toshio Ando was involved in many of the key developments for High-Speed AFM.

To maintain a low interaction force between the tip and the sample at High-Speed
they developed a vibration damping technique for the Z-direction piezo-electric
scanner and a new feedback controller combined with a compensator for drift in
the excitation frequency of the cantilever [Kodera, et al. (2005); Kodera, et al.
(2006)]. Altogether, the system could reach an acquisition time of 80 ms per
frame as presented in the article Kodera, et al. (2010) with a less invasive
imaging, allowing the user to acquire images for larger time periods [Figure I-7].

In “tapping” mode, the signals extracted from the cantilever bending are the
frequency, amplitude and phase of the tip oscillation movement. The phase
fluctuates in relation to the dissipation energy between the tip and the sample
while the amplitude changes, mainly, with the tip-sample distance [Cleveland, et
al. (1998)]. The frequency is maintained constant along the acquisition with a
feedback system. Consequently, a faster phase-detector and a fast amplitude
detector were developed. The phase-detector was enhanced by adapting a
home-built detector with a combination of digital and analogic elements and an
analogical phase signal output [Stark and Guckenberger (1999); Uchihashi, et al.
(2006)]. The fast-amplitude detection system was reformed by the application of
algorithms for amplitude and frequency demodulation by Fourier methods
[Kokavecz, et al. (2006)].

These developments paved the way for in-depth studies of dynamic processes of
biomolecules [Kodera, et al. (2010); Uchihashi, et al. (2011); Colom, et al. (2012)]
[Figure I-7]. The high-speed AFM technique was fully stablished on the year 2008
[Ando, et al. (2008)].

A High-Speed AFM built by Toshio Ando’s group, similar to the AFM that acquired
the Myosin V images, was used for a period of 3 months during this thesis to
study the dynamics of various protein molecules showed in chapter Ill of this
thesis [Figure I-7].
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A kinesin motor B Human CtIP

-_——.

Figure I-7. High-speed AFM images and their times of acquisition for two proteins.
A) High-speed AFM images of myosin V motor sliding through an actin filament, images of 150x75
nm2. Dark green squares signal images with Myosin V heads fully attached to the actin filament,
light green signal images with, at least, one Myosin V head not attached to the acting filament.
Figure adapted from Kodera and others (2010). B) High-speed AFM image of human CtIP moving
on a mica surface, images of 100x65 nmz. Scale bar is 30 nm.

1.6 Future prospects for Atomic Force Microscopy

The scientific community is curious by nature. The continuous seek for knowledge
and research of the unknown drives the growth of the many scientific methods
developed through the years. In this section, a brief summary on some future
developments for the Atomic Force Microscopy technique elucidated on Ando
(2018) are put into perspective.
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1.6.1 Faster AFM

At the time of this thesis writing, the state-of-the-art acquisition time for low-
invasive imaging on a 100x100 pixels and 100x100 nm2 AFM video in “tapping”
mode was 80 ms or, approximately, 12 Hz. However, biomolecules such as
enzymes depend on much faster conformational changes for reaction catalysis
[Kovermann, et al. (2015)]. The motions of enzymes are in the order of
microseconds to milliseconds with shorter lived high-energy states responsible for
the enzyme activity [Beach, et al. (2005)]. Fortunately, there is room for an
increase in the Atomic Force Microscopy time resolution. With the actual
architecture (Optical Beam Detectors, piezo-electric scanners, short and thin
cantilevers, digital/analogical feedback controllers) the peak acquisition time
would fall into the 6-10 ms range [Equation 1] [Ando (2018)]. A new revision of the
AFM design would be necessary to further decrease the acquisition time.
Nowadays, possibilities fall onto new cantilever deflection detector systems not
based on laser optics [Sanii and Ashby (2010), Giessibl (2019)].

1.6.2 Hybrid AFM systems

Parallel to the faster AFM systems the resolution limit for AFM imaging has been
improved to reach atomic resolution for hard materials and nanometre resolution
for soft materials and biomolecules [de la Torre, et al. (2016); Ares, et al. (2016)].
However, one of the drawbacks of the AFM is the acquisition of topographic
images without information on the surface’s chemical composition. Spectroscopy
techniques have the advantage of particle recognition through its interaction with
light. Recently, fluorescence techniques have made a leap into the super-
resolution regime by overcoming the diffraction limit related to optical microscopy
explained previously [Hell and Wichmann (1994); Klar, et al. (2001); Betzig, et al.
(2006); Rust, et al. (2006)]. A drawback of these techniques are the stochastic
occurrence of events (STochastic Optical Reconstruction Microscopy), necessary
modifications for fluorescence molecules, time resolution and high-costs of these
systems [Resch-Genger, et al. (2008); Suzuki, et al. (2007); Huang, et al. (2009)].
As a solution, a combination of high-resolution/high-speed AFM mounted on an
optical microscope adapted for Total Internal Reflection Fluorescence (TIRF) or
epifluorescence would benefit from the resolution and image acquisition of the
AFM and the molecular detection of the fluorescence [Ambrose (1956); Webb and
Brown (2013); Shaw, et al. (2006)].

It is also possible to combine both techniques into a Scanning Near-field Optical
Microscope to further increase the resolution of the optical microscope by passing
the light through the gap between the tip and the sample in the Atomic Force
Microscope [Hecht, et al. (2000)]. For this architecture, the small space between
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the AFM tip and sample acts as the aperture probe on the focusing spot of the
light source.

1.6.3 Non-contact AFM for biomolecules in liquids

Achieving pure non-contact images inside a liquid medium remains one of the
most challenging aspects of Atomic Force Microscopy. The signal obtained from
the AFM tip operating at a few nanometres distance from the sample surface
originates from the attractive Van der Waals forces [Hutter and Bechhoefer
(1993)] [Figure 1-4 B green regime]. Van der Waals forces are the dominating
forces at the middle-interaction regime in AFM. In this regime the tip-sample
interactions are weaker than in contact mode [Figure |-4 B red regime]. The lower
interaction forces are high enough for high-sensitivity measurements on
Frequency Modulation mode in an Ultra-High Vacuum AFM. In these conditions,
high-resolution images were obtained without disrupting the sample for longer
periods of time [Morita, et al. (1996)]. For air and liquid samples the non-contact
mode has remained a challenge only attained for specific materials and
conditions [Fukuma, et al. (2005)]. The lower forces between the tip and the
sample make the non-contact mode a high-resolution/low-invasiveness image
acquisition mode compared to tapping mode.

1.6.4 Nano-endoscopy

The study of dynamic movements and processes in AFM is limited by the
necessary interaction between the tip and the sample. In liquid environment, only
the molecules on the surface are imaged by the technique; molecules solved into
the liquid are not visualized. Typical examples are the studies focused on the
proteins of the outer cellular membrane [Muller and Engel (2007); Casuso, et al.
(2012)]. Thus, in vivo studied of proteins, enzymes or nucleic acids localized in
the interior of the cell membrane remains impossible. However, studies have
proved that insertion of a long and thin pipette tip, 1-100 nm in diameter and 1-20
um in length, into a cellular organism does not kill it while it is convenient for
injection of material or spatial manipulation of cells [Obataya, et al. (2005); Yum,
et al. (2010); Guillaume-Gentil, et al. (2014)]. The coupling of a long and thin tip to
an AFM cantilever might permit the system to acquire small scale images of
biomolecules supported on lipid bilayers inside a cell walll.

In conclusion, the Atomic Force Microscope has been developed since 1981 to be
applied not only to stable surfaces but to dynamic and more fragile particles in
different environments (Vacuum, air and liquid conditions) together with other
Scanning Probe Microscopies.
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To continue with the introduction, | will describe the biological processes to which
the Atomic Force Microscope have been applied in this thesis.

|.7 The essential mechanisms for a living organism

By definition a biological process is an essential mechanism for the survival of a
living organism [Montevil, et al. (2016); Mossio, et al. (2016)]. The purpose of
these essential mechanisms is conserved between unicellular and multicellular
living organisms. Mammals as Homo sapiens and bacteria as Bacillus subtilis
need to grow, reproduce, adapt and organize themselves. The mechanisms
responsible for these tasks are vital for the living organism.

The actual number of essential biological mechanisms in a living organism is
unknown. Databases of the human reactome show more than 12000 different
reactions for more than 2000 pathways are involved in the change or production
of new molecules in human cells [Fabregat, et al. (2018)]. Nevertheless, the
database only contains information for 53% of the supposed molecules codified in
a typical human genome. Therefore, unknown pathways remain to be discovered
or completed [Zerbino, et al. (2018)].

The biological processes related to the synthesis, packaging and repair
mechanisms of the DNA molecules inside a cell are of importance for the
evolution and transmission of genes between organisms. In this thesis | have
studied four mechanisms from two DNA-related biological processes with Atomic
Force Microscopy. Precisely, two DNA partition systems and two DNA break-
repair mechanisms.

1.7.1 DNA partition

The genetic material of a cellular organism is organised into chromosomes and
plasmids. Chromosomes are highly-packed long DNA molecules, up to 25x107
nucleotides. They are visible under a light microscope at the cellular division
phase by staining from where the name derives, chromo(Colour)-some(Body)
[Burkholder and Weaver (1977)]. A chromosome contains the building and growth
information of its organism.

Plasmids are smaller, circular, double-stranded DNA molecules with their own
replication mechanisms, hence, they are independent molecules from
chromosomes [Lederberg (1952)]. Plasmids often have a low-copy number inside
the organism and are not that highly-packed. However, plasmids contain
necessary information for the organism to adapt to its surroundings. For example,
the antibiotic resistance genes are contained inside plasmids [Bennett (2008)].
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The correct replication and transmission of plasmids during cellular division has
an intrinsic role in evolution.

CBP ! NTPase .

Ly

Figure I-8. The usual three elements of the plasmid partition systems.
Generalized plasmid partition system. DNA molecule in black with the centromere sequence in
red. Centromere-binding protein in green. Molecular motor NTPase in blue. The specific sequence
acts as anchoring point for the centromere-binding protein which recognizes and binds to the
motor protein, in charge of the segregation of the DNA molecule

Previous to the cellular division phase, or mitosis, the genetic material is
replicated (copied) [Takeda and Dutta (2005)]. Then, during the mitosis,
chromosomes and plasmids are organized for a uniform distribution of genetic
material among the resulting cellular offspring [Ruchaud, et al. (2007)]. Symmetric
distribution of the genetic material among the progeny is key to survival and
evolution [Potapova and Gorbsky (2017)].

Chromosomes were firstly observed around the 1870s but plasmids were not
referenced in a scientific paper until 1952 [Fokin (2013); Lederberg (1952)]. The
cause was that plasmids were vaguely defined as "any extrachromosomal
hereditary determinant" and their process of maintenance and replication was
unknown. Until the decade of 1980, researchers analysed the replication and
segregation machinery of low-copy number plasmids [Abeles, et al. (1985),
Martin, et al. (1987)]. Albeit different, the partition system of some low-copy
plasmids has similarities to that of eukaryotic chromosomes [Oliva (2016)].
Previous studies show a model for partition systems composed of a cis-acting
DNA sequence and two frans-acting proteins responsible for the regulation and
activation of the process [Friedman and Austin (1988)] [Figure I-8]. The cis-acting
DNA sequence is a 13-bp DNA repetition located nearby to the origin of
replication [Mott and Berger (2007)]. This sequence is recognized by a DNA-
binding protein, or Centromere Binding Protein, which binds to it. The bound
protein forms a DNA-protein complex referred as “segrosome” [Hayes and Barilla
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(2006)]. The segrosome complex is then anchored to an NTPase motor protein
(NTPase refers to an enzyme with ATP or GTP hydrolisis activity) responsible for
the transport of the plasmid molecule [Schumacher (2008)]. Among prokaryotes
there are four classes of plasmid partition systems [Oliva (2016)]. Types | and |I
have been widely studied but remain unclear in some aspects. Type Ill and IV
have been recently discovered and their mechanisms remain largely unknown
mechanisms.

Distinctly, high-copy number plasmids rely on diffusion to facilitate the transfer
process of genetic material during cellular division. A cellular organisms with
several copies of a plasmid would naturally distribute them among the daughter
cells without a specific segregation mechanism [Reyes-Lamothe, et al. (2014)].

1.7.2 DNA repair

The DNA molecule was once hypothesized to be a stable molecule that was
rarely modified. However, it was later discovered that every day the DNA inside a
human cell suffers up to 1x104 lesions [Ohnishi, et al. (2009)]. In addition, a
regular human body was estimated to contain around 3x1013 cells [Sender, et al.
(2016)]. The values provides a number of 3x10'7 DNA lesions on a human body
per day. A lesser number of DNA lesions take place on bacterial organisms as
their genetic material content is smaller than in mammals [Lindahl (1993)]. These
lesions are produced by chemical reactions often caused by by-products of other
biological reactions, as the regular metabolism, inside the organism or by
exposure to high-energy radiation [Hoeijmakers (2009)].

The DNA molecule contained inside a chromosome is the largest molecule inside
a cell. In a chromosome, not-resolved DNA lesions may cause the death of the
organism [Hanawalt, et al. (1979)]. This molecule relies on the cellular repair
mechanism for its maintenance as, typically, prokaryotic cells only contain one
copy of each chromosome. For survival, every living organism has developed and
evolved towards a different repair mechanisms. Currently, the repair mechanisms
of many organisms are studied to understand the effect of damages and repair
processes on DNA-related syndromes and disorders [Jackson and Bartek (2009);
Biehs, et al. (2017); Wang, et al. (2018)].

The many classes of damages produced during a cellular lifetime gave rise to a
large ensemble of specialized pathways and proteins for the necessary repair
mechanisms [Gates (2009)]. Despite being enormous, the specialization of the
different mechanisms made their study in vitro easier by protein picking. To
simplify, | will introduce the DNA lesions of interest for the understanding of this
thesis results.
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1.7.2.1 DNA lesions

DNA lesions are responsible for the disruption of the chemical structure of the
double-helix DNA molecule. The double-helix structure of the DNA was
discovered in 1953 by James Watson and Francis Crick with support from X-ray
diffraction data obtained by Rosalind Franklin and Maurice Wilkins [Watson and
Crick (1953); Klug (1968)]. The DNA helixes are composed of
deoxyriblonucleotide polymers. A deoxyribonucleotide monomer is formed by a
nitrogenous base, a deoxyribose sugar and a phosphate group [Figure |-9]. The
monomeric unit is shortly referred as “base”. These bases are further divided
depending on the chemical structure of the nitrogenous base (Adenine, Guanine,
Cytosine, Thymine) [Figure 1-9]. The polymerisation process of the deoxyribose
sugar of a monomer to the phosphate group of another monomeric unit results in
a “phosphate backbone”.

The DNA molecule of a chromosome is made of the combination of two polymeric
deoxyribonucleotide chains into a double-helix shape [Zerbino, et al. (2018)]. In
humans, the length of one chromosomic chain ranges from 5x107 to 25x107
bases. The stabilization of both chains into a double-helix arise from the hydrogen
bonds formation between nitrogenous bases of opposing chains. These hydrogen
bonds are created between an adenine and a thymine base (two hydrogen
bonds) or a guanine and a cytosine base (three hydrogen bonds) [Fonseca
Guerra, et al. (2000)]. The difference on hydrogen bonds make the pair formed by
guanine and cytosine more stable by the allocation of a higher number of bonds
[Sponer, et al. (1996)].

Lesions on a DNA molecule alter or break any of the three elements of bases, the
phosphate backbone or the union between bases in different strands. A further
overview on the damage and repair mechanisms for the lesions known as
‘Double-strand breaks” (breakage of the phosphate backbone of both strands)
and “Mismatches” (faulty pairing of a base with its corresponding pair on the other
strand) follows.
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Figure I-9. The four DNA bases, Adenosine, Guanosine, Cytidine and Thymidine.
Chemical representation of the four deoxyribonucleotide acids. Lines represent bonds between
atoms with P=Phosphor, N=Nitrogen, O=0xygen and H=Hydrogen. Carbon is represented by a
vertex for simplification.

1.7.2.1.1 DNA double-strand breaks

The bond between the deoxyribose of a DNA base and the phosphate group of
the next DNA base is one of the strongest bonds in a DNA molecule [Lindahl
(1993)]. Nonetheless, previous studies have shown the disrupting effect of
external and internal agents on this bond [Kuzminov (1999); Adhikary, et al.
(2012)]. One of the most dangerous DNA damages occurs when this bond is
completely broken. Breakage of the phosphate backbone of a single DNA-strand
is referred as Single-strand break, whereas the rupture of backbones on both
DNA strands is referred as Double-strand break. Single-strand breaks are
associated with increased genetic instability [Caldecott (2008)]. Double-Strand
Breaks lead to a discontinuity on the DNA molecule and are associated with
death of the organism and/or increased genetic instability, such as chromosomal
translocation, a [Jeggo and Lobrich (2007)].

The rupture of a strong bond, such as the phosphate backbone bond, requires a
high activation energy for the reaction to initiate. The main sources of high-energy
radiation in humans are exposure to Sunlight and cosmic rays [NASA (1998);
Cannan and Pederson (2016)]. Other sources of Double-Strand Breaks are
exposure to endogenous chemical drugs and accumulation of damages near a
susceptible area. Furthermore, Double-Strand Breaks appear as by-products of
different cellular processes. For example, the manipulation and enzymatic
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reactions during transcription and replication may lead to Single-Strand and
Double-Strand Breaks.

The repair pathway for Double-Strand Breaks highly depends on the source of the
damage and the live cycle of the cellular organism at the point of the DNA repair
mechanism start. The cause of the damage may leave a “clean” or “dirty” lesion.
A clean lesion would only have a deoxyribose to phosphate bond broken,
whereas a dirty lesion may have other secondary bonds broken or molecules
attached near the lesion. Dirty lesions slow, or even inhibit, the repair
mechanisms. Accumulation of sequence damages or attached molecules impede
the proper action of repair proteins at the damage location.

The two major pathways recognized for the repair of Double-Strand Breaks are
Non-Homologous End-Joining and Homologous Recombination.  Non-
Homologous End-Joining is the main repair mechanism as it can operate on any
phase of the cell cycle. Homologous Recombination, however, is usually limited to
only 2 of the 4 to 5 cell cycles [Takata, et al. (1998)]. These two cell cycles are the
synthesis (S) and second-growth (G2) phases. During these phases the cellular
organisms have an identical copy of each chromosome facilitating the
Homologous Recombination mechanism.

Studies on these repair mechanisms might elucidate the effect of drugs and
radiation on the genetic material of various organisms and subsequently open the
door for future therapies. An example of the importance of understanding these
mechanism is the study of high-energy radiation and particle effect on an
astronaut's health while in outer-space [NASA (1998)]. A more in depth
description of the Homologous Recombination will be presented at chapter I
(Homologous Recombination) of this thesis.

1.7.2.1.2 DNA base mismatches

The hydrogen bonds responsible for the stabilization of the union between both
DNA helixes is affected by faulty pairing of bases. The DNA bases are divided
into purines and pyrimidines based on the chemical composition of the
nitrogenous base. Adenine and guanine are purines (hexane and pentane bases,
Figure |-9), whereas, cytosine and thymine are pyrimidines (hexane bases, Figure
I-9). Inside a DNA double-helix, the bases are paired purine with pyrimidine;
specifically, adenine with thymine and guanine with cytosine. The resultant
hydrogen bonds make the guanine-cytosine couple stronger [Fonseca Guerra
and others (2000)].

Mispairing of a base with its counterpart weakens the double-helix structure and
is a known form of DNA base mismatch. Other modifications to the chemical
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composition or loss of these bases on one DNA-strand trigger a mismatch. One of
the main causes of mismatch lesions occurs in the process of DNA replication
[Kunkel and Erie (2005)]. During replication, the polymerase in charge of copying
the DNA has an error probability of 1 mismatch in 100.000 nucleotides inserted
[Johnson, et al. (2000)]. For a human cell, this error probability translates into
120.000 mismatches after the process of DNA synthesis. The newly replicated
DNA strand accumulates mismatches compared to the template or original strand.
A mechanism in charge of “proofreading” the DNA localizes the mismatches by
the difference between the newly synthesized and the template strand. The
importance of this mismatch repair mechanism makes it a highly conserved
process among prokaryotes and eukaryotes [Modrich (2016)]. When proteins from
this mechanism are modified in detriment of their activity the organisms are more
susceptible to the accumulation of mutations. However, the inactivation of the
‘proofreading” mechanism is thought to be involved in the evolution of living
organisms [Denamur, et al. (2000)]. A further analysis on the role of proteins from
the mismatch-repair mechanism is given in chapter IV (Horizontal-gene transfer).
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1.8 Thesis objectives
The general objectives of the projects studied with Atomic Force Microscopy are:

- To study the role of the partition system proteins ParB, centromore-
binding protein, in Bacillus subtilis and Caulobacter crescentus and of the
proteins TubR, centromere-binding protein, and TubZ, motor protein, in
Clostridium botulinum.

- To study the Homologous Recombination pathway throught the proteins
CtIP from Homo sapiens and a homologous protein to Homo sapiens
DNA2 from Geobacillus stearothermophilus.

- To study the role of the mismatch-repair pathway protein, MutS, in the
integration of exogenous DNA in Bacillus subtilis.
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1. PLASMID PARTITION
SYSTEMS

A plasmid is a small, up to 2x105 pairs of bases, circular DNA molecule found
inside various living organisms. The genes codified in these molecules are not
essential as those codified in chromosomes but provide some benefit for the cell
under certain conditions. The cellular mechanisms responsible for the
maintenance and organisation of these molecules are of importance due to their
intrinsic role in the adaption and evolution of the organism.

“‘Because all of biology is connected, one can often make a breakthrough with an
organism that exaggerates a particular phenomenon, and later explore the
generality.” — Thomas Cech, chemistry Nobel laureate 1989.
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The Introduction has presented the necessary knowledge for a broad
comprehension of this thesis results and discussions. However, essential
biological processes have evolved differently on each type of organisms. The
main purpose of mechanisms such as the partition system of a cell has remained
constant while the molecules and intermediate steps have seen variations among
organisms during evolution. To study and comprehend these systems one must
understand the role of the many molecules involved. In this section of the thesis |
will introduce the partition systems and the results obtained in this area with
Atomic Force Microscopy to the reader.

1.1 Introduction

As described in section 7.1 in chapter | of this thesis; plasmid partitioning is the
organisation of plasmidic molecules inside an organism for a uniform distribution
of this genetic material among the resulting cellular offspring. Today, there are
four different protein systems recognized for plasmid partitioning. The four
systems are divided based on the molecular structure of the NTPase-motor
molecule which, in turn, is translated into a difference in their mechanisms
[Gerdes, et al. (2000); Guynet and de la Cruz (2011); Oliva (2016)] [Figure 1I-1].
The molecular differences among systems are summarized as:

-Type | partition systems have a NTP-ase protein classified as a Walker-type
ATPase [Gerdes, et al. (2000)]. Type | systems are further divided according to
the molecular structure of the Centromere-Binding Protein. In type la this protein
has an HTH (helix-turn-helix) DNA-binding domain while in type Ib it has a RHH
(Ribbon-Helix-Helix) DNA-binding domain [Schumacher (2012)].

-Type Il systems have an actin-like ATPase or GTPase as the NTP-ase motor
protein [Gerdes, et al. (2000), Schumacher (2012)].

-Type lll systems have a tubulin-like GTPase as the NTP-ase motor protein [Oliva
(2016)].

-Type IV systems do not have a NTPase motor protein. Nowadays, only one
plasmid, R388, is known for having this partition system [Guynet and de la Cruz
(2011)].

The first characterised structure of partition system proteins was that of the type |I
NTPase motor protein. The structural techniques were not suited for the
characterisation of the high-flexibility Centromere-binding proteins [Schumacher
(2012)]. Albeit different in molecular structure, the main purpose of the four
partition systems is the same: the relocation and organisation of plasmidic content
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during cell division. Continuous research on these cellular mechanisms revealed
the relation between the plasmids present on an organism, the characteristics of
the organisms and partition systems in charge of the segregation of the plasmids.
To study and understand the partition system machinery on different organisms,
the research project is focused on the study of two organisms with type la
partition systems, Bacillus subtilis and Caulobacter crescentus, and on one with
type Il partition system, Clostridium botulinum.

B. subtilis is a widely studied bacterium due to its usage as an inmunostimulatory
agent in the 1900s [Ciprandi, et al. (1986)]. The availability of this bacterium in
laboratories made it a prominently studied organism. Today, B. subtilis is the most
studied gram-positive organism and it is a model organism for the study of
chromosome replication and differentiation [Pavlendova, et al. (2007)]. Due to
similarities in chromosome and plasmid segregation systems, this organism is an
ideal model for the study of plasmid partition proteins and further understanding of
chromosome segregation.

C. crescentus cells have an uncommon differentiation between daughter cells.
During division, the progeny of a C. crescentus cell is divided into “swarmer” and
“stalked” cells [Huguenel and Newton (1982)]. This differentiation arises from a
sequential modification of proteins and signals during cellular division [Hecht and
Newton (1995)]. This organism is used as model for studies on the regulation of
the cell cycles and cellular differentiation [Nierman, et al. (2001); Quon, et al.
(1996)]. Opposite to B. subtilis, C. crescentus is a Gram-negative bacterium but,
likewise, possesses a plasmid with a type la partition system.

Lastly, C. botulinum is mostly known for producing the botulinum toxin, which is a
neurotoxin codified in the C-st plasmid of this organism. It is the deadliest toxin so
far discovered [Peck (2009); Barash and Arnon (2014)]. The plasmid codifying
this toxin, prophage c-st, segregates under a type Ill partition system. The
majority of the Centromere-binding proteins are dimers in solution and form the
DNA-binding domain at the interphase of both monomers. In contrast, the
Centromere-Binding protein of the c-st plasmid is a stable monomer in solution
[Martin-Garcia, et al. (2018)]. The characteristics of the plasmid and the
Centromere-binding protein make this a unique partition system.

The features and current knowledge on type la and Il partition systems are
further introduced in the following sections, respectively.
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11.1.1 The type la partition system

Type la are the most abundant and studied partition systems. This wis due to the
high availability of organisms with this partition system, mainly Escherichia coli
and Bacillus subtilis, and to the ease to study a mechanism for small and low
copy-number plasmids [Balzer, et al. (1992); Lewis and Errington (1997); Martin,
et al. (1987); Gerdes, et al. (2010)]. The acquired knowledge on this system
during the 1900s made it a model mechanism to understand the segregation of
DNA in bacteria [Wang, et al. (2013)].

Type la systems are also referred as ParABS systems. ParABS refers to the
names of the three essential elements of a partition system (except for partition
system V). ParS denotes a repeated sequence located near the origin of
replication. In B. subtilis, the parS sequence is a 16 bp palindromic sequence (5'-
TGTTNCACGTGAAACA-3') [Breier and Grossman (2007)]. The sequence is
further recognized by a Centromeric-Binding protein, ParB. In B. subtilis and C.
crescentus, ParB, also referred as Stage 0 sporulation protein j (Spo0j), is a DNA-
binding protein with a Helix-Turn-Helix domain. Recent studies have shown
specific and non-specific binding of ParB to DNA. The non-specificity of the
binding is associated with DNA condensation during cellular division [Schumacher
(2012); Taylor, et al. (2015)]. Lastly, ParA refers to a Walker-type motor protein
activated by the hydrolisation of ATP [Walker, et al. (1982); Hwang, et al. (2013)].
The consumption of ATP by ParA proteins bound to the ParB-parS complex is
responsible for the movement of the DNA during cellular division. The movement
of the plasmid can be directed towards a cell-pole or to separate plasmids
between cellular daughters [Figure 1I-1].

There are four basic working models proposed by the scientific community on the
partition system mechanism [Guynet and de la Cruz (2011); Schumacher (2012]
[Figure 1I-1]. These models describe the movement of the plasmid and the
segrosome complex for a successful segregation of the DNA molecule connected
to the action of the motor protein. In the “pulling” model, it is proposed that the
polymeric motor protein is bound on one end to a cell pole and to the plasmid
molecule on the other end; subsequent depolymerisation shortens the distance
between the cell pole and the DNA molecule [Figure 1I-1 A]. In the “pushing”
model, the polymeric motor protein is capped by two plasmid molecules;
polymerisation of the motor protein, contrary to the “pulling” model, increases the
distance between the two identical plasmid molecules [Figure II-1 B]. In the
“‘tramming” model, the motor protein detects the position of the plasmid molecule
and polymerises around the segrosome moving the DNA in the direction of a cell
pole [Figure II-1 C]. In the last model, the “pilot-fish”, the segrosome complex
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uses the cellular segregation machinery due to the absence of an active motor
protein [Figure II-1 D].

B D
Pulling model Pushing model Tramming model Pilot-fish model

;::l'?f\m{m,l y _ W = t}&ﬂ

Cell membrane
- CBP - —CBP* -—~CBP* —CBP*
r ' -

1-E,entro%omer | \'jr h 5
e R ER S RS

AN AN AN v
__Motor __Motor __Motor, A r
f protein t protein t protein l’ Py
4 —_—— —_— 0\ 7 —
. Centro \ K &‘ \ &‘ K
Ma i el
N - ., - J T Y,
_NTP _NTP _._Host chromesome
i; l: i i segregation
~ machinery
N v

O
e o i s T

AL AN A /

Figure II-1 Some proposed models for partition mechanism.
Models proposed for the mechanisms of various plasmid partitions systems. A) “Pulling” model. B)
“Pushing”. C) “Tramming” model. D) “Pilot-fish” model. Figure adapted from Guynet and de la
Cruz (2011) and Schumacher (2012).

The general consensus in B. subtilis partition system mechanism is that of a
‘pulling” model with the concerted action of the three partition elements. The
Centromere-Binding protein, ParB, attaches to the parS sequence to facilitate the
spreading of other ParB proteins through the DNA molecule [Graham, et al.
(2014)]. However, ParB is also capable of DNA-binding and spreading on DNA
molecules without parS sequences [Taylor, et al. (2015)]. The resulting
condensed ParB-DNA molecule binds to an ATP-bound ParA filament. The
filament connects the ParB-DNA complex with a cell pole. Depolymerisation of the
ParA filament by the interaction with the ParB-DNA complex moves the complex
through the cell. The movement stops when each plasmid copy arrives to
opposite cell poles [Gerdes, et al. (2010)] [Figure II-1A; Figure [I-2C].
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Figure II-2 Model for chromosome segregation in C. crescentus and B. subtilis.
A) Model for chromosome segregation in C. crescentus showing the difference in “swarmer” cells,
flexible flagellum, and “stalker” cells, rigid flagellum. B) Schematic DNA structure with the origin of
replication highlighted with a red dot and the terminal with a blue section. C) Model for
chromosome segregation in B.subtilis. Image adapted from Badrinarayanan, et al. (2015).

))))

In C. crescentus, contrary to B. subtilis, the understanding of this mechanism is
limited. There is a recent study about the recognition of the parS sequence by the
Centromere-Binding protein comparing it to that of B. subtilis [Tran, et al. (2018)].
Surprisingly, Tran, Stevenson et al. (2018) showed that the parS sequence of C.
crescentus was similar to that of B. subtilis. The similarities made the B. subtilis
parS sequence a suitable sequence for characterization of the Centromere-
Binding protein. Biochemical studies showed a reliable binding of C. crescentus
ParB to both sequences. This similarity between sequences allowed the study of
the role of the Centromere-Binding protein using similar DNA molecules as the
ones used for the B. subtilis protein.

11.1.2 Type Il partition system

Type lll partition systems were recently discovered by Tang, et al. (2007) inside
Bacillus thuringiensis. Opposite to type | and type Il, in type Ill systems the motor-
protein is a GTPase protein similar to the eukaryotic protein tubulin [Gunning, et
al. (2015)]. Tubulin is a filamentous protein present in the cellular cytoskeleton.
The relevance of a tubulin homologue protein in prokaryotes increased the
interest of the scientific community in studying the newly found system [Ni, et al.
(2010); Aylett and Lowe (2012)]. The type IlI partition system elements are named
TubRZC. Similar to type la partition systems, the three letters refer to the
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Centromere-Binding, TubR, the GTPase tubulin-like motor protein, TubZ, and the
DNA sequence recognised by the Centromere-Binding protein, tubC.

Figure II-3 Crystal structures for TubZ, TubR and the TubR-tubC complex.
A) Crystal structure of the TubZ-filament from Bacillus thuringiensis. B) Crystal structure of the
TubR-complex from Bacillus megaterium. C) Crystal structure of TubR-tubC complex from Bacillus
thuringiensis. Image adapted from Aylett and Lowe (2012).

Structural studies of the type Il partition system proteins with Electron Microscopy
and crystallography of Bacillus thuringiensis and Bacillus megaterium organisms
found an active role of the DNA-binding protein TubR. The binding of TubR to
DNA produces a bend on the complex structure around the tubC sequence [Aylett
and Lowe (2012)] [Figure II-3C]. These bent structures are displayed as
recognition positions for TubZ or TubZ polymeric filaments [Fuentes-Perez, et al.
(2017)]. The bent DNA structure could act as the anchoring point for the
polymeric filamentous motor-protein to start the partition mechanism.
Nonetheless, the complete mechanism and the recognition of the different
intermediate structures remains unknown.
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[1.2 Objectives

The aim of this project is to study and understand the role of the Centromere-
Binding proteins of the partition systems in B. subtilis and C. crescentus and of
the Centromere-Binding protein and motor protein in C. botulinum. The partition
systems of B. subtilis and C. crescentus have been widely studied but the
observation of the segrosome complexes remains undone. Furthermore, the
project is complemented with the study of the less known partition system of C.
botulinum.

The objectives were:

1) To observe the condensation complexes analysed in Taylor, et al. (2015)
by Magnetic Tweezers of the B. subtilis partition segrosome.

2) To study the role of C. crescentus ParB in the formation of the segrosome
complex and compare it to B. subtilis segrosome.

3) To study the role of the Centromere-Binding protein and the motor-protein
in the formation of a segrosome complex in the type Il partition system of
C. botulinum.
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1.3 Materials and Methods

11.3.1 Bacillus subtilis partition system project

11.3.1.1 ParB protein expression and purification

ParB was purified and subsequently biochemically analysed by Dr. Gemma
Fisher from Prof. Mark S. Dillingham’s laboratory (University of Bristol, UK)
following the “Material and Methods” section on Taylor, et al. (2015).

11.3.1.2 DNA fabrication and purification

DNA molecules chosen for the analysis of ParB were prepared following the
“Material and Methods” corresponding section on Fisher, et al. (2017) without the
ligation step of digoxigenin or biotin handles necessary for Magnetic Tweezers.
11.3.1.3 Sample preparation and image acquisition for AFM

DNA-protein sample preparation for air acquisition

Samples for the study of the DNA-ParB interaction were initially incubated in
buffer (50 mM Tris HCI pH 7.5 and 100 mM NaCl) at 1 nM DNA and 5 nM ParB
concentrations. The resulting mixture (20 ul) was incubated for 5 minutes. Then,
a solution of 7.5 mM MgCl2 was added to the reaction. The final volume, ~21 ul,
of the reaction was pipetted on a pre-cleaved mica surface. The solution
deposited on mica was incubated for 30 seconds, washed three times with one
millilitre of Milli-Q water and dried under constant flow of nitrogen air [Lyubchenko,
et al. (2009)].

AFM image acquisition conditions

Images were obtained using a Nanotec Electronica S.L. Atomic Force Microscope
using the amplitude modulation mode (fapping) and the WSxM freeware [Horcas,
et al. (2007)] unless otherwise stated. Air sample images were obtained at room
conditions of temperature and humidity at a rate of 1.48 lines per second and 512
lines per image and pixels per line, 346 second per image. The cantilevers
employed were PPP-NCH (Nanosensors, Switzerland).

11.3.1.4 Image processing

In tapping mode, an Atomic Force Microscope registers the cantilever oscillation
amplitude and the phase difference between the cantilever response and the
applied oscillation. Scanning of a tip along a surface creates three images under
modulated amplitude premises [Figure II-4A]. 1) A topographic image from the

Alejandro Martin-Gonzalez - September 2019 55



Atomic Force Microscopy characterization of DNA-binding proteins involved in the repair
and organisation of DNA

surface movement in the z direction as to maintain a constant oscillation
amplitude. 2) An amplitude image from the oscillation amplitude value at each
scan point. 3) A phase image from the oscillation phase value.

The raw images presented in Figure 1I-4A are coloured numerical matrixes. Each
pixel contains the value for the variables represented at that point. The numbers
are given a colour on the basis of their value. The clearer the colour the higher
the value [Z scale bar in Figure |l-4 B3]. In topographic images, high spots on a
surface would appear clear [DNA in Figure |I-4A]. To correct them for a more
precise and visual result the raw images are processed with the WSxM freeware
[Horcas, Fernandez et al. (2007)].

Final topographic images are processed with three tools: 1) A basal plane to
correct sample, cantilever or motor tilt; 2) A parabolic plane, to correct for the
piezoelectric scanners movement and; 3) A flatten correction, to adjust all the
scanned lines to a same basal level based on the image background [Gimeno, et
al. (2015)] [Figure 1I-4B].

A

Phase

Topograph Amplitude

Linear plane Linear+parabolic plane plane+flatten

Figure Il-4. Acquired images and image processing on an Atomic Force Microscope.
A) Three raw images acquired by an AFM operated on tapping mode: Topographic image,
amplitude image and phase image. B) Topographic image corrected by: a basal linear plane, a
linear and a parabolic plane and a linear and parabolic plane together with a flatten. Scale bar on
images is 80 nm. Z colour scale is calibrated to a black colour at 0 nm black and a white colour at
1.77 nm. Z colour scale presented on image B.(plane+flatten) corresponding to the colour code of
images on B section.
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11.3.2 Caulobacter crescentus partition system project

11.3.2.1 ParB protein expression and purification

The protein ParB was purified by Adam Jalal from Dr. Tung Le’s laboratory (John
Innes Center, UK).

11.3.2.2 DNA fabrication and purification

DNA constructs were prepared by Dr. Clara Aicart-Ramos from Prof. Fernando
Moreno-Herrero laboratory. The DNA molecules for AFM experiments consisted
in a large insert containing one or two sets of 6 parS sites plus an additional parS
site. The molecules were obtained by digestion with Sphl and BamHI of the
pET28a(+)-2xParS 2set (6ParS) plasmid. After digestion, the fragment was
separated with electrophoresis on a 1% agarose gel and purified from the gel with
precautions to avoid exposure of the substrates to intercalating agents as well as
exposure to UV light. The gel was run with a side lane incorporating a small
fraction of the preparation. That side lane together with the lane of markers were
cut and separately stained with SYBR green, and the position of the band was
marked in the LED transiluminator. The band in the gel was then excised based
on the estimation of its position obtained from the stained side lanes and purified
with QIAquick Gel Extraction Kit (QIAGEN).

11.3.2.3 Sample preparation and image acquisition for AFM

Samples for the study of the DNA-ParB interaction were initially incubated in
buffer; 10 mM HEPES pH 7.5 and 75 mM NaCl; at a 1 nM DNA and 1 nM ParB.
The resulting mixture volume, 20 ul, of DNA:ParB was incubated for 15 minutes.
Then, a solution of 7.5 mM MgCl2 was added to the reaction. The final volume,
~21 ul, of the reaction was pipetted on a pre-cleaved mica surface. The final
deposited solution on the mica was incubated for 30 seconds, washed three times
with one millilitre Milli-Q water and dried under constant flow of nitrogen air
[Lyubchenko, et al. (2009)].

AFM image acquisition conditions

Images were obtained following the methods presented in chapter 11.3.1.3.

Image processing was performed following the chapter 11.3.1.4

11.3.2.4 Control samples

A proper base of control samples is key for the characterization of DNA-protein
interaction processes. In this case, the DNA molecules were incubated with
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protein and deposited onto a mica surface. Final reaction products together with
protein and DNA were characterized on AFM images. As a control, initial DNA
molecules with and without parS sequences were characterized on Atomic Force
Microscopy images by contour length analysis. In this case, the three DNA
molecules have 2124 bp (no parS), 2114 bp (13 parS) and 1490 bp (7 parS).

A No parS B C 13 parS

7 parS

800 400 400 800
Contour length (nm) Contour length (nm) Contour length (nm)

Figure II-5. DNA control samples for C. crescentus ParB project.
A) AFM images of the 2124 bp DNA without parS sequence. B) AFM images of the 1460 bp DNA
with 7 parS sequences. C) AFM images of 2114 bp DNA with 13 parS sequences. Scale bars are
400 nm. D) Contour length histogram for the 2124 bp DNA with a Gaussian fitting centred at 730
nm. E) Contour length histogram for the 1460 bp DNA with a Gaussian fitting centred at 505 nm.
F) Contour length histogram for the 2114 bp DNA with a Gaussian fitting centred at 729 nm.
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Linear double-stranded DNA molecules were incubated and deposited onto a
mica surface following the methods for DNA-Protein sample preparation without
adding any protein. The control revealed a homogenous sample of linear
polymeric rods deposited on a flat surface [Figure II-5]. As expected for a
stochastic population distribution with independent variables (Central limit
theorem), the population of contour length follows a normal distribution pattern
with a unique peak centred around the AFM measured contour length [Sanchez-
Sevilla, et al. (2002)]. The DNA length in base pairs can be inferred from the
contour length measued in the AFM. Previous studies show a relation of 3.02-
3.39 A per bp for double-stranded DNA deposited with Mg2* on a mica surface
[Rivetti, et al. (1996); Rivetti and Codeluppi (2001); Fang, et al. (1999)]. The
crystallographic length for B-DNA obtained by X-ray diffraction data is 3.4 A per
bp [Wing, et al. (1980)]. From our analysis the extracted contour lengths are 730
nm for the 2124 bp DNA, 729 nm for the 2114 bp DNA and 505 nm for the 1460
bp DNA [Figure II-5 D-E-F]. This leads an average rise per bp of 0.34+0.01 nm
from the contour lengths of the control DNA molecules.
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11.3.3 Clostridium botulinum partition system project

11.3.3.1 TubZ protein expression and purification

Wild type TubZ and the mutant TubZT'0A were cloned and purified by Dr. Maria
A. Oliva-Blanco as described in Oliva, et al. (2012).

11.3.3.2 TubR protein expression and purification

TubR was purified by Dr. Maria A. Oliva-Blanco as described in Martin-Garcia, et
al. (2018).

11.3.3.3 DNA substrates fabrication and purification

DNA substrates are referred based on the sequence of the molecule from the 5’
end: C is a 352 bp centromere region, P is the TubR promoter, R is the TubR
gene, Z is the TubZ gene and NPD is a non-coding DNA sequence. The DNA
molecules presented in this project are tubC (352 bp), CPRZ (866 bp), NPDC
(907 bp), RCPR (977 bp) and a fragment of the c-st plasmid with 2010 bp. The
molecules were obtained by PCR using small oligos and the pUCS7 vector
including the whole c-st partition operon (Shinegene). The NPDC fragment was
made by ligation of a PCR product between the tubC molecule and the DNA
related to the N-terminal domain of a bacterial cell division protein called FtsZ
from B. subtilis. Hybridisation of complementary strands was conducted in a
thermocycler by heating the mixture to 95°C and cooling it down to 10°C at
1°C/min. The correct hybridisation of these fragments was checked by
polyacrylamide gel electrophoresis and Gel-Red (Biotium) staining. Two DNA
molecules, AFM-C1 (508 bp) and c-st (2010 bp), not containing the centromere
region were used as controls in AFM experiments. AFM-C1 was produced by
PCR using appropriate oligos and the plasmid pSP73-ParB [Taylor, et al. (2015)].
AFM-C2 was produced by enzymatic digestion of a plasmid derived from the
pET28a-ParB with BamHI and Sphl.
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Figure II-6. Fbricated DNA molecules for Atomic Force Microscopy.
Fabricated DNA molecules for the TubRZC project. Red bar marks the position of the centromere
sequence with 352 bp length. The only molecule with a tubC region centred is RCPR while AFM-
C1 is the control molecule. The TubR promoter is a 16 bp region near the tubC sequence. The
TubR is included in CPRZ, RCPR and c-st molecules while the TubZ gene is partly included in
CPRZ (16 bp of 1677 bp) and c-st (1269 bp of 1677 bp).

11.3.3.4 Sample preparation and image acquisition for AFM
TubZ filament assembly and sample preparation for AFM

Proteins were diluted in PKE assembly buffer (50 mM Pipes/KOH [pH 6.5],
100 mM potassium acetate, 1 mM EDTA) with or without 200 g/L Ficoll-70
(prepared in PKE buffer), and polymerisation was initiated by the addition of
nucleotide (1 mM GTP or 2mM GDP) and 6 mM magnesium acetate. Polymer
formation was quantified by sedimentation assays. The supernatants were
carefully withdrawn and the pellets were resuspended in the same volume of
buffer.

Filaments were deposited onto freshly cleaved mica surface pre-treated with 20 i
MgCl2 (100 mM). After one minute of adsorption, the sample was gently washed
with 3 ml Milli-Q water supplemented with 1 mM GTP and 6 mM magnesium
acetate. GDP bound filaments were assembled as above, but with the addition of
20 UM wild type CbTubZ. Assembly time was set to 1h and the mica was
functionalized with 0.5% glutaraldehyde during the incubation time. GDP-bound
filaments were adsorbed on the functionalized mica for 1 min and the sample was
subsequently gently washed with 2 mL Milli-Q water supplemented with 2 mM
GDP and 6 mM magnesium acetate. Al AFM samples were dried by simple
blotting.
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TubR-DNA sample preparation for AFM

The TubR stock solution was first diluted in buffer to a final concentration of 1.71
uM. Different volumes of the solution were further diluted to the preferred
concentration into a final volume of 20 l containing 0.5, 1, or 2 nM DNA in 10 mM
Tris=HCI pH 8.0, 75 mM KCI. The TubR-DNA mixture was incubated for 1 min
and deposited onto freshly cleaved mica. The surface was thoroughly washed
with 3 ml of Milli-Q water and dried under nitrogen air-flow [Lyubchenko,
Shlyakhtenko et al. (2009)).

TubZ together with TubR-DNA sample preparation for AFM

TubZ and TubR-DNA samples were prepared separately as presented in the
previous sections. Then, both samples were mixed and incubated together for 5
minutes before deposition onto a freshly cleaved and Mg2+-pre-treated mica
surface. Washing and drying steps were performed following the methods
presented in the previous section.

AFM image acquisition conditions

Images were obtained following the methods presented in chapter 11.3.1.3.

Image processing was performed following chapter 11.3.1.4

11.3.3.5 TubR:DNA control samples

To characterize the binding of the centromere-binding protein TubR of C.
botulinum to the centromere sequence tubC, we first incubated the protein with
two DNA molecules without tubC. The samples were prepared with the two DNA
molecules, 508 bp and 2114 bp (This molecules do not contain any of the
sequences of the c-st plasmid introduced in Figure II-6), cover the same contour
length and concentration range of the TubR:DNA tested with the DNA molecules
with the tubC sequence. At one of the highest TubR:DNA ratios tested, the
incubation of non-specific DNA with TubR protein produced no visible interaction
as imaged by AFM [Figure II-7].
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Figure II-7. TubR-DNA control samples imaged by AFM.
A) AFM representative images of the 508 bp DNA (2 nM) not incubated with TubR. B) AFM
representative images of the 508 bp DNA incubated with TubR, 84 nM or 42 TubR:DNA ratio. C)
AFM representative images of the 2114 bp DNA (0.5 nM) not incubated with TubR. D) AFM
representative images of the 2114 bp DNA incubated with TubR, 21 nM or 42 TubR:DNA ratio.
Scale bar is 200 nm.

As presented in section 11.3.2.4, all the DNA substrates were deposited onto a
mica surface following the sample preparation introduced the section without
adding protein. The contour length of the DNA molecules was measured as a
control for a proper preparation and characterization of the DNA molecules. Due
to similarity of control images to the ones presented in Figure II-7 A and C and
repetitive contour length analysis to the ones presented in Figure II-5 D-F, the
data is not shown but is presented in Martin-Garcia, et al. (2018).

11.3.3.6 AFM image analysis for DNA and protein localization

Details of 240x240 nm2 were selected from images of 2.5x2.5 ym? and processed
(plane extraction, flattening, height selection and smooth filtering) using WSxM
software [Horcas, Fernandez et al. (2007)]. A threshold height was applied to
every AFM image. Data over 0.75 nm represented only the location of DNA
molecules while data between 0.35 and 0.7 nm were considered as protein
molecules, either TubZ or TubR. These two sets of heights were converted into
plain text square matrixes of 49 points named as matrix A and matrix B. The
correlation coefficient Cas between matrixes was calculated following Equation 2,

_ tr(ABY)
4B = TAlNBll  Equation 2

Equation 2. Correlation coefficient between matrixes A and B.
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11.3.3.7 TubR protein volume control

For TubR volume analysis, the protein was first diluted from stock in a buffer with
10 mM Tris—HCI pH 8.0 and 75 mM KCl to a final concentration of 8.5 nM. Then,
the protein solution was supplemented with DNA and MgCl2 to obtain a final
concentration of 3.3 nM and 7.5 mM, respectively, and placed onto a freshly
cleaved mica surface. After 30 s, the mica surface was washed with filtered-MilliQ
water (Millipore, Billerica, MA) and blown dry in a gentle stream of nitrogen gas.

To obtain the protein volume we followed the procedure published in Fuentes-
Perez, et al. (2012) using DNA as fiducial marker and obtained an average value
of ~7 kDa [Figure 1I-8]. This value was in agreement with a monomeric CBP from
a type Il partition system [Ni, et al. (2010); Martin-Garcia, et al. (2018)].

40}
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Figure II-8. Histogram of TubR volume on AFM images using DNA as fiducial marker.
Histogram of the TubR protein volume extracted from AFM images. The mean value corresponds
to a protein volume of 7.8 kDa with a sample size of N=291.
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1.4 Results

These results were obtained in the study of the partition systems with Atomic
Force Microscopy. The collaborator groups obtained relevant and complementary
data with other biochemical analysis and techniques. In this thesis the data
presented focuses on that obtained with the Atomic Force Microscope. However,
the discussion relies mainly on the results presented here and on all the data
obtained, including that acquired by collaborations.

11.4.1 Type la systems

11.4.1.1 B. subtilis ParB does not require the parS recognition domain to
condense DNA

Joint projects between Mark S. Dilingham and Fernando Moreno-Herrero’s
laboratories have unravelled the role of the partition system protein B. subtilis
ParB in DNA condensation and segregation [Taylor, et al. (2015)]. Moreover,
recent studies have demonstrated the importance of the C-terminal domain of
ParB for intermolecular binding and bridging. The C-terminal domain is crucial for
the condensation of long DNA molecules. This was revealed with Magnetic
Tweezers alone and combined with TIRF microscopy techniques [Fisher, et al.
(2017); Madariaga-Marcos, et al. (2019)]. These techniques along with EMSA
assays showed that Wild type ParB together with a parS-containing DNA
produced two interaction complexes [Taylor, et al. (2015)]. At low ParB
concentrations, the protein did recognize the centromere sequence, parS, and
produced a DNA-ParB complex. However, at high ParB concentrations, a non-
specific DNA-ParB complex was formed. To supplement these studies, | have
imaged the B. subtilis ParB mutant proteins, R149G and R80A, together with DNA
by Atomic Force Microscopy. The R149G mutation, located at the Helix-turn-Helix
DNA-binding domain, was able to condense DNA at a lower rate compared to the
wild-type protein [Autret, et al. (2001); Graham, et al. (2014); Chen, et al. (2015)].
The R80A mutation was previously described as a loss of function protein
[Graham, et al. (2014)]. As expected, AFM images showed that the R149G
variation was capable of DNA binding and condensing not only of one DNA
molecule but several in a wool ball like conformation [Figure 1I-9 B]. The R80A
variation showed no activity at low concentration but was capable of DNA binding
at high concentrations [Figure 1I-9 C]. Both results were in agreement with
previously proposed models for the ParB binding and bridging activities.
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Figure II-9. AFM images and analysis of ParB-DNA complexes.
A) AFM images of a DNA molecule with parS sequence used for B. subtilis and C. crescentus
ParB analysis. B) AFM images of R149G ParB and DNA complexes forming wool-ball-like
structures. C) AFM images of R80A and DNA complexes. Scale bar of images is 500 nm. D)
Profile along the grey line on A) with the typical height of a DNA molecule. E) Profile along the
grey line on B) with the molecule height for the edge and centre of the “wool ball” compared to the

typical DNA height. F) Profile along the grey line on C) with the molecule height compared to DNA
height and protein height.
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11.4.1.2 C. crescentus ParB binds to DNA producing secondary structures

In this project, we have studied the activity of C. crescentus ParB with parS-
lacking and parS-containing DNA molecules by Atomic Force Microscopy. To
understand the role of C. crescentus ParB we have used three DNA substrates
with zero, seven or thirteen B. subtilis parS sequences distributed along the
molecule. As previous studies have shown, C. crescentus ParB proteins are not-
selective at parS recognition. C. crescentus ParB binds to B. subtilis parS
sequence with high-fidelity [Tran, et al. (2018)]. This allowed the project to be
carried out with DNA molecules containing B. subtilis parS used for the previously
presented research. The employed DNA molecules have the parS sequences
distributed in clusters of 16 bp and the sequence repeated six times. This 16 bp
parS clusters are located in regions of 362 bp and due to the fabrication
procedure of the DNA molecule it has a single parS located far from the clusters.

To image the segrosome complex of C. crescentus, | incubated C. crescentus
ParB with three different DNA molecules. The three DNA molecules employed
had 0, 7 and 13 parS sequences. The images showed several DNA molecules
and ParB proteins deposited onto a mica surface. We found secondary structures
not found on the control samples for the three DNA molecules incubated with
ParB. These complexes accounted for 30% of the total number of molecules in
the 0 parS DNA incubation and a 50% for the 7 and 13 parS [Figure II-5; Figure
[I-10 D-E]. To better characterize these secondary structures we divided the
molecular species into 4 classes. These classes were divided as follows:

1) Linear DNA: DNA molecules elongated onto the mica surface; similar to
the molecules seen in the control sample [Figure 1I-5].

2) Extruded DNA: DNA-protein complexes with a higher domain or domains.
These domains were usually elongated perpendicularly to the expected
DNA molecule direction.

3) Looped DNA: DNA-protein complexes with two separated DNA regions
interacting and bridged together. In some cases, the loop was partially
extruded (molecules with extrusions and loops are accounted into the
looped species).

4) Complex structures: these structures may appear by the interaction of
ParB proteins bound to various DNA molecules. They are unusually long
molecules with an unusual shape.

Unexpectedly, the non-linear molecular species were present on the control
samples. They accounted for a small population of 12-20 % of the total. In ParB-
incubated samples the percentage rose to a 30%-56 % depending on the DNA
molecule. For the 7 or 13 parS DNA, the non-linear molecules accounted for half
of molecules in the field-of-views analysed. In addition, the presence of two parS
clusters in the 13 parS DNA increased the population of looped DNA molecules
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with respect to extruded DNA molecules compared to the 7 parS DNA molecule
[Figure II-10E, blue population and red population].
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Figure II-10. AFM images and population graphs for the interaction of WT ParB with DNA.
A) AFM images of the no parS DNA incubated with Cc ParB. B) AFM images of the 7 parS DNA
incubated with Cc ParB. C) AFM images of the 13 parS DNA incubated with Cc ParB. Black
arrows show linear DNA molecules; red arrows show extruded DNA molecules and blue arrows
show looped DNA molecules. Scale bar is 200 nm. D) Percentage of molecules for each of the
four species in the control samples (black=linear DNA, blue=looped DNA, red=extruded DNA and
green=complex structures), n=401 molecules analysed. E) Percentage of molecules for each of
the four species in the WT Cc ParB samples. N=339 molecules analysed
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11.4.1.3 R104A and R163A mutations decreased ParB activity

To complement the study, the same analysis was performed with two mutants of
C. crescentus ParB, R104A and R163A. The mutations R104A and R163A of
C.crescentus ParB are similar to mutations R80A and R149G respectively for B.
subtilis ParB. The mutation on the N-terminal, R104A, affects the dimerization
domain while the mutation located at the C-terminal, R163A, disrupts the DNA-
binding domain. However, the protein activity of the mutants was not expected to
decrease dramatically as compared to B. subtilis case because C. crescentus
ParB is not capable of DNA condensation but of a small DNA binding-effect.
Expectedly, the mutations reduced the ratio of non-linear molecules in ParB-DNA
samples [Figure 1I-11].
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Figure II-11. AFM images and population graphs for R104A and R163A ParB mutants.

A) AFM image of the no parS DNA incubated with R104A. B) AFM image of the 7 parS DNA
incubated with R104A. C) AFM image of the 13 parS DNA incubated with R104A. D) AFM image
of the no parS DNA incubated with R163A. E) AFM image of the 7 parS DNA incubated with
R163A. F) AFM image of the 13 parS DNA incubated with R163A. Black arrows show linear DNA
molecules; red arrows show extruded DNA molecules; blue arrows show looped DNA molecules
and green arrows show complex structures. Scale bar is 400 nm. G) Percentage of molecules for
each of the four species in the R104A samples (black=linear DNA, red=extruded DNA,
blue=looped DNA and green=complex structures). n=300 molecules analysed. H) Percentage of
molecules for each of the four species in the R163A samples. n=300 molecules analysed.

The reaction products analysed with both mutants showed a population decrease
of non-linear DNA species compared to the WT samples (from a 56% to a 24% of
non-linear molecules). This effect suggested a lower DNA binding or bridging
activity from these ParB mutants. The disruption of the dimerization domain or the
DNA-binding domain reduced the appearance of secondary structures on linear
DNA in the cases of parS-containing DNA molecules.
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11.4.2 Type 11l systems

11.4.2.1 C. botulinum TubZ requires GTP for stable 4-stranded filament
formation

Previous analysis of the tubulin-like protein TubZ with AFM at Fernando Moreno-
Herrero'’s laboratory were focused on the filament and proto-filament formation of
polymeric TubZ with GTP in C. botulinum [Fuentes-Perez, et al. (2017)]. However,
other studies on Bacillus thuringiensis TubZ proposed a crucial change in filament
structure during GTP nucleotide hydrolysis [Montabana and Agard (2014)]. In this
project we aimed to understand the influence of nucleotide hydrolysis in the
filament formation process of C. botulinum TubZ. Therefore, we applied the
acquired knowledge in the TubZ filament formation process to analyse the T100A
mutant of TubZ which disrupts the nucleotide hydrolysis domain impeding the
hydrolisis of GTP by TubZ filaments [Fuentes-Perez, Nunez-Ramirez et al.
(2017)]. In parallel, wild type TubZ was incubated with GDP instead of GTP to
impede the hydrolysis process. As previously described, TubZ filaments were
prone to depolymerisation [Fuentes-Perez, Nunez-Ramirez et al. (2017)]. Atomic
Force Microscopy samples were not dried with Nitrogen gas but using a blotting
method to avoid disturbing the deposited filaments [Section 11.3.3.4]. This drying
process resulted in salty mica surfaces in the Atomic Force Microscopy images
but filaments were not depolymerised during surface adsorption. Furthermore, in
vitro filament formation reactions were supplemented with Ficoll-70 to resemble a
more crowded cytoplasmic medium. This experimental setting mimicked the
medium where these filaments polymerise [Venturoli and Rippe (2005)]. Under
these conditions, Atomic Force Microscopy images of Wild type TubZ GTP-
filaments showed 4-stranded and 2-stranded filaments with a helical structure.
The structure of the helix corresponds to a width of 7.7+0.7 nm, for 2-stranded
filaments, and 13.7£2.2 nm, for 4-stranded filaments. The parameters were
corrected for the tip-convolution effect [Fuentes-Perez, Nunez-Ramirez et al.
(2017)]. In the same conditions, we found that GDP-filaments assemble into wider
and thicker dimensions [Figure 1I-12 G-H]. GDP-filaments have 14+4 nm in width
and appeared to be more rigid than GTP-bound ones. In contrast, we also found
that the T100A filaments were similar to WT filaments [Figure 1I-12 D-E].

These results suggested a need for GTP-bound TubZ at the caps of the filaments.
These caps control and maintain the formation of the polymeric filaments in a
similar way as the microtubules are formed from other biological systems
[Alushin, et al. (2014)]. However, in this case the filament disassembly was
promoted by GTP hydrolisis followed by filament stiffening instead of by the
production of a proto-filament curving as in microtubules. The stiffening of the
filaments may provide the necessary forces to break the longitudinal contacts,
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thus, weakening the contacts between filaments and supporting disassembly at
the interface between GTP and GDP-bound TubZ monomers.
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Figure lI-12. AFM images and profiles of TubZ filaments.

A) AFM image of a WT TubZ-GTP filament with 2-stranded and 4-stranded structures shown.
Scale bar 800 nm. B) AFM zoomed image of a WT TubZ GTP-filament with 2-stranded and 4-
stranded structures shown. Scale bar is 200 nm. C) Profile along the squared region in B of three
2-stranded and two 4-standed filaments with different heights and widths. D) AFM image of
various T100A TubZ GTP-filament with 2-stranded and 4-stranded structures shown. Scale bar
800 nm. E) AFM zoomed image of a T100A TubZ GTP-filament with 2-stranded and 4-stranded
structures shown. Scale bar is 200 nm. F) Profile along the squared region in E of 3 2-stranded
and 2 4-standed T100A filaments with different heights and widths. G) AFM image of various WT
TubZ GDP-filament. Scale bar is 800 nm. H) AFM zoomed image of a WT TubZ GDP-filament.
Scale bar 200 nm. ) Profile along the squared region in H, GDP-filaments with stable height
corresponding to a helical structure but without 2- and 4- stranded filaments difference.

11.4.2.2 C. botulinum TubR forms a double-ring structure on a centromere
DNA-sequence

TubR was described as an iteron-binding protein when it was first discovered in
Bacillus thuringiensis [Tang, et al. (2007)]. To understand the role of the protein in
the partition system of C. botulinum, TubR was incubated with a short DNA
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molecule, 352 bp, containing the tubC region. For comparison, TubR was also
incubated with another short DNA molecule, 500 bp, without a tubC region [Figure
[I-7]. Contrary to the control samples presented in section 11.3.3.5, incubation
samples prepared with tubC-containing DNA molecules revealed the presence of
secondary structures on DNA molecules. The resulting secondary structures were
in agreement with a previously proposed DNA-bending effect of TubR from other
bacterial systems [Aylett and Lowe (2012)]. However, our Atomic Force
Microscopy images showed a more pronounced effect. TubR was capable of
selectively bending regions of ~400 bp on DNA molecules [Figure II-13 A]. This
bending produced one or two curved regions often finished in a complete circular
shape. The location of the bent structures correlated with the specific interaction
region, tubC [Figure II-13 B]. From here on, the molecular species are classified
as 1) linear double-stranded DNA molecules, 2) linear dSDNA molecules with one
curved region, 3) with two curved regions, 4) linear dsDNA molecules with one
looped region and 5) with two looped regions. To verify the role of the protein, we
tested the bending effect at various TubR:DNA ratios: The lowest ratio tested
corresponds to 4 TubR proteins per DNA molecule with 340 TubR proteins per
DNA molecule as the highest. The lowest ratio shows that 50 % of molecules
were typical linear dsDNA molecules (class 1) and 50 % were complex molecules
(class 2, 3, 4, 5). The highest ratio shows a shift to more complex molecules: 10
% of class 1 molecules and 90 % of the other classes [Table 1]. The lack of
secondary structures when the DNA did not contain the tubC region suggested
that the DNA-protein complex, or segrosome, involved the formation of a DNA-
bent structure, similar to other bacterial organisms showed in Figure I-7.
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Lowest Highest
TubR:DNA ratios 4 8 17 42 170 340
1) Linear DNA (%) 41 14 |14 |15 |12 |10
2) One curved region (%) 26 20 24 24 26 24
3) Two curved regions (%) 20 40 29 26 18 21
4) One looped regions (%) 8 8 12 13 17 18
5) Two looped regions (%) 5 18 21 22 27 27

Table 1. Percentage of molecules from each species at different TubR:DNA ratios.
The tested ratios were 4, 8, 17, 42, 170 and 340. Percentages were rounded to a total 100 % from
an analysis of >2000 molecules.

Contour length analysis on DNA-bent molecules revealed an enclosure of 70 nm,
or 206 bp, of DNA in looped structures in average [Wing, Drew et al. (1980)]
[Figure 1I-13 D]. However, the DNA molecules prepared were 352 bp.
Accommodation of two looped structures could be hindered by the shortness of
the DNA molecule (5-20% of species were double-looped). To understand the
effect of the sequence and the DNA size on the formation of the looped structures
we repeated the analysis with longer DNA molecules.
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Figure 1I-13. AFM images and perimeter length analysis of the DNA secondary structures of
TubR bound to tubC.

A) AFM image of a tubC sequence-containing DNA incubated with TubR. Scale bar is 200 nm. B)
Secondary structures seen on AFM images divided into four classes bases on the number and
shape of the structures: Class 1 with one open curved region, class 2 with two open curved
regions, class 3 with one closed looped region and class 4 with two closed looped regions. Scale
bars 30 nm. C) DNA-TubR molecule with a curved region and a looped region. Highlighted path
signals the perimeter length of the looped region. Scale bar is 25 nm. D) Histogram of perimeter
lengths for the 300 looped regions analysed.

11.4.2.3 The double-ring structure encloses the tubC region

To easily allocate two looped regions into a DNA substrate and correlate the
position of these regions with the centromere sequence we produced four
additional DNA molecules [Figure II-6]. Three of these molecules had around 900
bp and the other one had 2010 bp. A 866 bp (CPRZ) and 907 bp (NPDC) DNA
molecules were constructed with the centromere sequence located at one of the
DNA-ends; the difference was the presence (CPRZ) and absence (NPDC) of the
TubR promoter region and the location of the tubC region at the 5" end (CPRZ) or
3" end (NPDC). A 977 bp molecule was created with the centromere sequence
located on the middle region of the DNA molecule (RCPR). Lastly, a 2010 bp
region of the complete c-st phage was linearized with the centromere sequence at
the 5" end followed by the TubR promoter (C-ST) [Sakaguchi, et al. (2005)].
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Surprisingly, the population of the five molecular species presented in Table 1
was similar among the new molecules [Table 2].

tubC | CPRZ | NPDC | RCPR | c-st

Linear DNA (%) 12 11 9 10 10

One-Two curved regions (%) | 44 40 38 38 37

One-Two looped regions (%) | 44 49 53 52 93

Table 2. Population of species across different DNA substrates at 170 TubR:DNA ratio.
DNA substrates are in the following order: 352 bp DNA from section 11.4.2.2; 866 bp or CPRZ
DNA; 907 bp or NPDC DNA; 907 bp ot NPDC DNA; 977 bp or RCPR DNA and 2010 bp or C-ST
DNA. N>1000 of molecules analysed for each DNA substrate at 170 TubR:DNA ratio.

The low percentage of linear DNA molecules across the DNA molecules tested
and the small variation on the population of the secondary structured species is
thought to be representative of final reaction products. Moreover, Atomic Force
Microscopy images showed similar population percentages along molecules with
one or two looped structures for the five employed DNA molecules [Figure II-14].
Furthermore, we incubated the CPRZ DNA molecule with TubR at 1700 and 3400
TubR:DNA ratios. At this high concentration of TubR the species had a ~10-40-50
% population divided into linear, curved and looped species respectively. The
distribution is similar to that at lower ratios [Table 2].

These secondary structures were found at/or near the tubC sequence. In four of
the five employed DNA molecules the DNA-bent structures where found at a
DNA-end while for the RCPR DNA molecule the structures were found in the
middle, in the case of the RCPR DNA the sequence tubC is located in the middle
section of the DNA molecule contrary to the rest of the DNA molecules tested
[Figure 1I-14 C]. This change of position of the centromere sequence did not seem
to affect the population distribution [Table 2].
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866 bp DNA with tubC on DNA end

Figure II-14. AFM images of curved and looped regions on long DNA substrates.
A) AFM images of CPRZ DNA incubated with TubR. B) AFM images of NPDC DNA incubated with
TubR. C) AFM images of RCPR DNA incubated with TubR. D) AFM images of c-st DNA incubated

with TubR. Arrows indicate the position of linear (black), curved (blue) and looped (yellow) DNAs.
Scale bar is 200 nm.
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To recognize a possible auto-regulatory role of TubR by invasion of the adjacent
promoter DNA region, the position of each looped structure was measured in
double-looped molecules from the most distant DNA-end together with the
distance between loops centres. For comparison, the DNA molecules analysed
were the CPRZ and NPDC molecules. The CPRZ molecule contains the promoter
region and the centromere sequence is located at the 5 DNA-end, while the
NPDC molecule does not contain the promoter region and the centromere region
is located solely at the 3’-end. In the CPRZ molecule, the loops were detected at
180 and 270 nm from the distant DNA-end [Figure 1I-6; Figure 1I-15 B]. In the
NPDC molecule the loops were detected at 196 and 262 nm from the distant end
[Figure 1I-15 D]. The distance between loops was bigger (90 nm) in the CPRZ
double looped molecules than (66 nm) in the NPDC ones. Furthermore, the CPRZ
molecules had one looped region possibly enclosing the part of the TubR
promoter located at ~159 nm from the distant end of the tubC region. To verify the
Atomic Force Microscopy results, further biochemical analysis were performed
which confirmed the binding of TubR proteins to the promoter region [Martin-
Garcia, et al. (2018)]. In addition, Electron Microscopy images of double-ring
structures were obtained and analysed. The loops found in Electron Microscopy
images have a loop diameter of 21.4+2.8 nm. The value is similar to the 68+25
nm perimeter length (or 218 nm in diameter for a perfect circle) values obtained
by Atomic Force Microscopy [Martin-Garcia, et al. (2018)] [Figure 11-13 D].
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Figure II-15 Histograms of loop position for double-looped molecules.
A) AFM image of distant loops on CPRZ. Scale bar is 100 nm. B) Histogram of loop position for
double-looped CPRZ molecules. Blue and red histograms correspond to the position of each of
the two looped regions The white and red bar represents the position of tubC. C) AFM image of
distant and adjacent loops on NPDC. Scale bar is 100 nm. D) Histogram of loop position for
double-looped NPDC molecules. The white and red bar represents the position of tubC.
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11.4.2.4 TubZ recognizes TubR-DNA looped structures

In type Ill partition systems from other organisms, the motor-protein, TubZ, is
described to interact with the centromere-binding protein, TubR, by the C-terminal
domain of both molecules [Ni, et al. (2010)]. It is described that the segrosome
complex is key to the formation of a stable TubR-TubZ interaction [Aylett and
Lowe (2012); Oliva, et al. (2012); Fink and Lowe (2015)]. Therefore, the role of
the segrosome complex was expected to also be important for C. botulinum
proteins. Image acquisition of TubZ filaments together with the looped structures
of TubR-DNA complexes was challenging as the TubZ filaments depolymerised
easily; thus, covering the mica with an excess of TubZ protein. The remaining
filaments were two-to-three fold wider and higher than the TubR-DNA complexes
[Figure 1I-12; Figure 1I-14]. To overcome this problem, both structures were
preformed and, later, incubated together in a reaction tube for 5 minutes. The
resulting reaction was deposited onto a mica surface for 5 minutes and then,
washed and dried. With this method, the depolymerised filaments were detached
from the mica surface only leaving the strongly TubZ-TubR-DNA interacting
complexes. Equally, this deposition method was tested with TubZ-DNA samples
to discard a possible effect of DNA molecules shielding TubZ molecules and
leaving protein molecules attached to the mica surface only around DNA
molecules. Atomic Force Microscopy images revealed an accumulation of protein
molecules around DNA molecules only in the case of samples with the three
partition elements [Figure 11-16 B]. Additionally, to correlate the position of the
protein molecules with the position of DNA molecules, Atomic Force Microscopy
images were treated as matrixes. Chosen detailed Atomic Force Microscopy
images of complex molecules with a size of 240x240 nm2 were converted into
matrixes of height values per coordinates X and Y. The matrices were analysed
following the method presented in section 11.3.3.6. The correlation coefficients
obtained between “DNA” and “protein” matrices represent a possible protein-DNA
association value, the higher the coefficient the higher the association. As
expected, the results obtained were in agreement with the accumulation of protein
in the Atomic Force Microscopy images of TubZ-TubR-DNA samples [Figure 1I-16
G]. But, the low coefficient for TubR-DNA samples was surprising. The DNA
molecules are clearly modified by the presence of TubR in a sample. This
suggested that a direct DNA-protein interaction as the one in TubR-DNA samples
was not detected with this method as the protein is masked around the DNA
molecule. For the TubZ-TubR-DNA sample, the protein TubZ surrounded the
nearby DNA molecules not getting into direct contact with them.

The data obtained on the position of TubZ protein molecules together with the
sizes of TubZ filaments (16 nm width) and TubR-DNA loops (21 nm diameter)
were essential for the elaboration of a model for the type Ill partitions systems of
Clostridium botulinum [Fuentes-Perez, et al. (2017); Martin-Garcia, et al. (2018)].
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Figure II-16. AFM images, matrixes and correlation coefficients of TubZ, TubR and DNA
samples.

A) AFM image of DNA incubated with TubZ protein. B) AFM image of DNA incubated with TubR
and TubZ proteins. Scale bars are 200 nm. C) Zoomed image of a DNA molecule and the two
matrixes resulting from height selection for DNA (left) and protein (right). D) Zoomed image of a
TubR-DNA molecule and the two resulting matrixes. E) Zoomed image of a TubZ-DNA molecule
and the two resulting matrixes. F) Zoomed image of a TubZ-TubR-DNA molecule and the two
resulting matrixes. Scale bars are 48 nm. G) Correlation coefficient graph for the 4 cases analysed
with N=43.
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1.5 Discussion

In this chapter of the thesis we presented the studies about the centromere-
binding protein, ParB, from the plasmid partitioning systems of Bacillus subtilis
and Caulobacter crescentus together with the studies of the motor protein, TubZ,
and Centromere-Binding protein, TubR, of Clostridium botulinum. In the case of B.
subtilis, the ParB protein was thoroughly characterized in previous studies unsing
MT but the structural characterisation of the segrosome complex using AFM was
missing [Taylor, et al. (2015); Fisher, et al. (2017); Madariaga-Marcos, et al.
(2018); Madariaga-Marcos, et al. (2019)]. Our AFM images of condensed DNA
molecules increase the knowdledge on condensation effect of ParB by revealing
the structure of the DNA-ParB condensates with the images showed in Figure
11-9.

The ParB protein of the C. crescentus partition system was characterized for
being a non-selective parS sequence recognition protein as was B. subtilis ParB
[Taylor, et al. (2015); Tran, et al. (2018)]. To complement these studies and
understand the role of ParB in C. crescentus organisms, we have studied the
interaction complexes formed between ParB and DNA. The Atomic Force
Microscopy images revealed an interaction of ParB with DNA, preferably with
parS sequences, but not exclusive. The incubation of DNA with ParB formed
different secondary structures on DNA molecules. Surprisingly, the protein was
not capable of condensing DNA at the concentrations and conditions tested. The
different molecular species showed in Figure II-10 had secondary structures on
DNA molecules contrary to the condensed DNA showed in Figure 1I-9 for B.
subtilis. This suggested a subtler effect onto DNA molecules mainly centred on
the parS sequence. To supplement the data acquired by Atomic Force
Microscopy, the system was studied with Magnetic Tweezers together with a
mutant protein more prone to DNA condensation. In the future the main objective
of this project will be to elaborate a reliable model for the role of ParB in this
system and to understand the differences between type la partition systems such
as the ones observed between C. crescentus and B. subtilis organisms.

In type Il partition systems, the formation of TubZ filaments is known to rely on
the generation of a helical protofilament and a complete filament composed of 2
to 4 protofilaments wrapped around each other in a helical shape [Aylett, et al.
(2010)]. In Fuentes-Perez, et al. (2017) we have studied the role of the C-terminal
domain of C. botulinum TubZ and the difference between GTP and GDP formed
filaments. Altogether, the research project is completed with the proposed model
on the role of the TubZ and TubR proteins during the partitioning process of the c-
st plasmid [Figure 1I-17; Figure 11-18]. The model gives an explanation on the
polymerisation and stiffening processes of TubZ filaments based on the
hydrolysis of GTP by the interaction between TubZ monomers. In this model, the
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filaments are assembled by GTP binding, similar to tubulin protein [Buey, et al.
(2006)]. Then, the interaction between TubZ monomers occurs on a rotated angle
between monomers, inadequate for the hydrolysis fo GTP. Depending on the
length of the C-terminal tail of TubZ monomers, the addition of one or several
molecules is necessary for the tail-ends to make a proper contact. Contact
between monomers is followed by the stabilization of the entire the C-tail via the
charged residues [Figure II-17 A]. Once the polymer is correctly positioned and
the catalytic loop reaches the terminal gamma phosphate domain, GTP hydrolysis
takes place [Figure 1I-17 B]. The hydrolysis triggers the opening of the twist in the
longitudinal  subunit-subunit interfface and rearranges the C-tail binding
interactions with the surrounding molecules [Montabana and Agard (2014)]
[Figure 1I-17 C]. The rearrangement and presence of GTP at the caps stabilizes
the polymeric filament without stiffening it. However, the loss of the caps triggers
a conformational change responsible for the weakening of the subunit-subunit
interfaces which, in turn, leads to depolymerisation [Figure 1I-17 D]. The model is
in general agreement with previously proposed treadmilling and dynamic
instability models proposed for TubZ filaments of other organism.

Assembly GTP hydrolisis  Twist opening Interface
weakening

Figure II-17. Proposed model for TubZ filament formation and destabilization.

A) GTP-bound state induced the assembly, whereas the C-tail (green, and dashed line when
behind a protein subunit) established specific contacts with upper subunits leading to the
generation of a twist and allowing the formation of the canonical longitudinal interface. B) The
catalytic residue (red) was correctly positioned and reached GTP (yellow), which was hydrolysed
into GDP (blue). C) The enzymatic reaction induced changes in the bottom molecule, changing
the C-tail interacting surface with the upper subunits and opening the twist between both
molecules. D) The GDP-bound state resulted in weakening of the longitudinal interface, likely due
fo loss of contacts. C-tail truncated proteins did not establish the specific contacts with upper
subunits within the filament, blocking the formation of the canonical longitudinal interface.
Accordingly, GTP assembly leaded to state C filaments, while GDP-bound polymers were in state
D. Model adapted from Fuentes-Perez, et al. (2017).

Differently to the other type la partition systems, the Centromere-Binding protein
of type Ill systems was found to reliably bind to centromere DNA and form
complex molecules by spreading rather than bridging [Aylett and Lowe (2012);
Fisher, et al. (2017)]. Atomic Force Microscopy images showed the formation of
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various secondary structures around the centromere region on DNA molecules of
different sizes and sequences [Figure II-13, Figure II-14]. The sizes and distances
between these bent-structures were in agreement with an auto-regulatory role of
TubR proteins by blocking their promoter region while reliably detecting the
position of the tubC region. In Martin-Garcia, et al. (2018), we proposed that these
double-looped structures might be the typical segrosome complex architecture in
Type Il partition systems. This theory was supported by previous studies that
described other centromere regions split into two boxes [Davis and Austin
(1988)]. Together with additional data from Magnetic Tweezers, Electron
Microscopy and other biochemical assays a model was suggested for the
formation of the TubR-DNA segrosome complex and its role together with TubZ
for plasmid partitioning in C. botulinum.

From footprinting assays presented in Martin-Garcia, et al. (2018); the recognition
of a primary tubC sequence, “TTGAC”, by TubR catalyses the binding of TubR to
DNA. A secondary sequence, “ATGAA”, facilitates the spreading of TubR through
the DNA molecule. As we have discovered the formation of the segrosome
complex was only observed in DNA molecules containing portions of the tubC
region [Figure II-7]. Atomic Force Microscopy together with Electron Microscopy
images revealed a split segrosome structure into two curved shapes located
inside the tubC region. The structures are often finished as loops or rings.
Interestingly, the TubZ protein was capable of recognizing and accumulating
around these regions. These results suggest the formation of a helical
arrangement of TubR around DNA responsible for the bending of the DNA
molecules. Lastly, the close correlation between the size of the looped structures
(21 nm diameter) and the TubZ filaments (16 nm width) could complement the
theory of the TubZ filament binding to the inner layer of the looped structures,
similar to those described for type Il partition systems [Gayathri, et al. (2012)].
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Figure II-18. Proposed wrapping and bending model for C. botulinum partition system.
A) TubR bound around DNA by wrapping one or alternatively two sides of tubC. B) TubR bending
induced certain DNA twisting (red arrow). C) DNA wrapped by TubR bends at the stronger (red
arrows) and weaker (blue arrows) binding sites generating two looped structures. D) Each ring
could support one TubZ filament (left) for a synchronized DNA mobilization. Alternatively, a single
TubZ filament could bind to the inter-ring region (right) favouring a simpler mechanism for DNA
movement.
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[1l. HOMOLOGOUS
RECOMBINATION

The chromosomic material of a cell contains the genetic information needed for its
growth and development. It is a tightly-packed long DNA molecule. However, a
DNA molecule is fragile. The different cellular organisms have developed
mechanisms for DNA protection and repair. One of such repair mechanisms is
known as Homologous Recombination.

‘Biology is the study of complicated things that have the appearance of having
been designed with a purpose” — Richard Dawkins, Professor for Public
Understanding of Science at the University of Oxford.
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One of the many concerns for space agencies and astronauts is the prolonged
exposure to sunlight and cosmic rays in an out-of-atmosphere environment. The
cellular organisms that evolved in the Earth have developed mechanisms for DNA
protection in the conditions of an atmospheric environment. However, when these
organisms are exposed to harsh conditions, such as the ones in space, their
protection mechanisms might not be sufficient. In this chapter, we present the
cellular mechanism known as Homologous Recombination and its importance in
the DNA-repair processes of eukariotyc and prokariotic organisms.

[11.1 Introduction

The Homologous Recombination process was firstly described in 1911 by
scientists Thomas Hunt Morgan and William Bateson when studying the
inheritance of correlated genes [Morgan (1911); Bateson (1907)]. Morgan, citing
Bateson’s work, realized that traits associated to the same gene where not
inherited together. He proposed a “splitting” process during the strepsinema
stage. The strepsinema stage refers to the cellular phase at which the
chromosomes are paired in an X shape. This “splitting” process was more likely to
affect traits located far from one another inside a gene. To this process he
proposed that “rather than a random segregation of genes [Mendel (1865)] it exist
an association of factors in genes’, referred as a “recombination of genes”. The
“splitting” process was theorized by Morgan. It was not until 1931 that it was
associated to the phases of the cell division in eukaryotes and thus to the
inheritance in Homo sapiens [Creighton and McClintock (1931)] [Figure HI-1].

As a “recombination of genes”, Homologous Recombination refers to the specific
interchange of genes between two identical chromosomes. Normally, cells
maintain only one chromosomal copy to reduce occupied space [Schafer (1998)].
This limits the mechanism operational phases. To be operative, Homologous
Recombination only takes place in the cellular cycle phases associated to
abundance of chromosomal copies [Shibata and Jeggo (2014)]. These phases
are the synthesis phase (S phase) and the second growth phase (G2 phase). The
use of an identical copy allows to control the spreading of non-desired mutations.
It is thought that Homologous Recombination is a less error-prone mechanism
compared to other recombination processes [Guirouilh-Barbat, et al. (2014)]. The
suppression of factors involved in the initiation of Homologous Recombination is
associated with an increase in error-prone repair incidence [Tutt, et al. (2001)].

During S phase the cell synthesizes new DNA molecules, therefore creating
additional copies of the chromosomes. The finalisation of the S phase leads to the
second growth phase [Bertoli, et al. (2013)]. The synthesis process of a DNA
molecule is one of the sources of degradation by the manipulation of the molecule
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by the synthesis-related protein or by the exposure of the open DNA molecule to
external agents [Aguilera and Gomez-Gonzalez (2008); Argueso, et al. (2008)].
The degradation caused in these steps may derive into breakage of the DNA
double-helix in both strands. These lesions are known as Double-Strand-Breaks
which are one of the most dangerous damages a DNA molecule can suffer
[Jackson (2002)]. There are two main cellular mechanisms to repair the Double-
Strand Breaks on DNA molecules: Non-Homologous End Joining and
Homologous Recombination. Non-Homologous End Joining is capable of
repairing the damages by copying a piece of similar DNA in any of the cell cycle
phases [Takata, et al. (1998)]. Homologous Recombination, as stated, needs an
exact copy and is a limited process.
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Figure lll-1 Recombination of genes produced by Homologous Recombination during
meiosis.
Graphical representation of the splitting process of two chromosomes, orange and yellow.

The regulation of both processes has been correlated to the presence of cycle-
dependent kinase proteins. These proteins are responsible for the activation of
other proteins by addition of phosphate groups to their structure in a cycle-
dependent modulation [Shrivastav, et al. (2008)]. In the case of recombination
mechanisms, phosphorylation of the proteins responsible for the first steps is
thought to be crucial [Tougan, et al. (2010); Luo, et al. (2016)]. Some of these
proteins take part in the detection and starting processes of the repair mechanism
of Double-Strand Breaks. The activated proteins determine the proper break-
repair mechanism for the DNA lesion.
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Figure Ill-2 Homologous Recombination regulation steps.
Schematic representation of the resection process during the signalling of DSBs divided into the 3
main steps: DNA-damage detection, short-resection and long-resection.

Previous studies have shown that, the first step for Homologous Recombination
DNA-damage repair process consists in the resection, or degradation, of the
damaged DNA [Cejka (2015)]. This step is usually further divided into three
reactions: 1) detection and signalling of the Double-Strand Breaks position, 2)
short resection of the damaged area, and 3) long resection of the damaged-DNA
[Figure lll-2]. This chapter of the thesis focuses on the study of two proteins
involved on these last two steps: Homo sapiens CtIP that is a key protein in the
short-resection  reaction [Sartori, et al. (2007)], and Geobacillus
Stearothermophilus Dna2 that is a nuclease-helicase associated to the long-
resection reaction [Paudyal, et al. (2017)].

[11.1.1 Homo sapiens CtIP

The name of the protein CtIP comes from C-termini Binding and Interacting
Protein [Schaeper, et al. (1998)]. Analogous proteins in other organisms for
Homologous Recombination are Sae2 in budding yeast and Ctp1 in fission yeast
[Forment, et al. (2015)]. Previous studies have shown an overall tetrameric
structure in solution for CtIP [Davies, et al. (2015)]. The protein is frequently
associated with the MRN protein complex, Mre11-Rad50-Nbs1. The whole
complex is involved in Double-Strand Break recognition and binding [Ramirez-
Lugo, et al. (2011); Williams, et al. (2009)]. Although the structure of CtIP has not
been crystalized several studies have proposed that CtIP has a globular C-
terminal domain and a coiled coil N-terminal domain. The N-terminal domain is
recognized for being responsible of tetramer formation in a dimer of dimers
fashion [Andres, et al. (2015)]. The central region of CtIP is a disordered domain
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comprising aminoacids 145-769 [Figure [1I-3]. Mutations in the CtIP gene in Homo
sapiens cause Jawad syndrome and Seckel2 syndrome [Quist, et al. (2011)].
These syndromes are related to accelerated aging and mental disability. Other
point-mutations of importance are the L27, located at the N-terminal, and R839,
located at the C-terminal. [Davies, et al. (2015); Ferretti, et al. (2016)]. These
mutations cause lack of formation of tetrameric structures (L27E) and disruption
at the DNA recognition domain (R839A).

N-terminal
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Figure lll-3 CtIP monomer and tetramer.
Schematic representation of the CtIP monomer structure (left) and the overall resulting tetrameric
structure (right). The circular domains represent the C-termini while the zig-zag sections represent
the disordered middle and coiled-coil N-termini of the CtIP monomer.

The function of CtlP during Homologous Recombination is not completely
understood. It is thought to play a key-role in directing the DNA-damage repair
mechanism of choice to Homologous Recombination [Yun and Hiom (2009)]. It
also upregulates the nuclease activity of the Mre11 subunit through the interaction
with the MRN complex [Cannavo and Cejka (2014); Paull and Gellert (1999)].
Some authors propose that CtIP has endonuclease activity by itself [Lengsfeld, et
al. (2007); Makharashvili, et al. (2014)]. However, the primary structure of CtIP
does not show any resemblance to known nucleases. Despite the possible
nuclease activity, the role of CtIP remains closely related to the MRN complex
and the signalization of damaged DNA-ends for short-resection [Andres and
Williams (2017); Aparicio, et al. (2016); Aparicio, et al. (2016); Quennet, et al.
(2011); Paudyal, et al. (2017)]. Regardless of the scarce knowledge about CtIP
and the interaction between CtIP and DNA, some studies have proposed models
on the role and structure of CtIP [Forment, Jackson et al. (2015)] [Figure l1I-4].

Later on, successful short-resection of damaged DNA-ends leads to longer
resection on the 5-3' direction. This long-resection process is carried out by a
group of specialized helicases and nucleases. One of these helicase-nucleases is
DNA2 in Homo sapiens. The project of HR is complemented with preliminar
results of a DNA2-like helicase/nuclease protein from Geobacillus
Stearothermophilus.
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Figure lll-4. Model for DNA-bridging by CtIP and the MRN complex at a DSB site.
Dimer of dimers model of CtIP structure. CtIP C-terminal domains bind to broken DNA ends in
cooperation with the MRN complex. Coiled-coil domains are represented as interacting helical
ribbons for CtIP and the MRN complex. Adapted from Forment, Jackson et al. (2015).

[11.1.2 Geobacillus stearothermophilus DNA2-like protein

DNAZ2 refers to DNA Replication Helicase/Nuclease 2. It is an enzyme conserved
in various organisms with the DNA damage-repair mechanism of Homologous
Recombination, among them Homo sapiens [Duxin, et al. (2009)]. DNA2 is
involved in the long-resection reaction of the Homologous Recombiantion
mechanism [Daley, et al. (2017)] and its role is believed to be regulated by a
DNA2-CtIP interplay. The structure has been discovered for various systems and
the role of the several domains has been described for the helicase (opening of
the DNA double-helix) and nuclease activities (cleaving of the DNA phosphate
backbone) [Zhou, et al. (2015)]. Both functions may be associated to the long-
resection of DNA broken molecules in a 5’ to 3’ direction [Pokharel and Campbell
(2012)]. However, previous studies have proposed different mechanism of action
for this protein: some articles suggest that DNA2 has nuclease activity but it is
intrinsically devoid of helicase function, whereas, others suggested the
collaboration among MRN, CtIP and DNA2 is responsible for the resection of
clean DNA-ends [Kim and others (2006); Paudyal, et al. (2017)]. Mutations in
Homo sapiens DNA2 are linked to progressive external ophthalmoplegia-6 and
Seckel syndrome 8 [Ronchi, et al. (2013); Shaheen, et al. (2014)]. Other
described mutations disable the nuclease and helicase activities located on the N-
terminal and C-terminal respectively [Zhou, et al. (2015)].

Overall, the role of the DNA2 5’-3’ nuclease activity during the resection process
of the HR mechanism is poorly understood [Paudyal, et al. (2017)]. Some
evidence of interplay between the nuclease and helicase domains suggests a key
role of both domains [Pokharel and Campbell (2012)]. What it is known is that the
creation of long 5’ single-strand DNA overhangs by DNA2 signals the finalization
of the initiation step of Homologous Recombination [Liao, et al. (2008)]. As the
initiation step is finished by the action of DNA2, the DNA molecule is prepared for
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the strand invasion of the damaged DNA by the homologous non-damage DNA
molecule.

In this chapter we describe the results obtained with a bacterial helicase/nuclease
(Bad) with domain homology to the eukaryotic DNA repair factor DNA2. Bad
contains an Iron-Sulfur cluster and possesses 5>3'helicase and single-stranded
DNA translocase activity but is not involved in the HR mechanism as G.
Stearothermophilus does not employ this damage-repair process.
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111.2 Objectives

The aim of this project is to study and understand the role of the protein CtIP. This
protein takes part on the Homologous Recombination mechanism in Homo
sapiens. To complement this study, a DNA2-like helicase/nuclease protein, Bad,
from G. stearothermophilus is also visualized under Atomic Force Microscopy.

The objectives set were:

4) To study the protein conformation of Homo sapiens CtIP.

5) To understand the role of CtIP, without the MRN complex, in contact with
DNA-ends related to Homologous Recombination.

6) To study the binding mechanism of the protein Bad in a reaction with a
double-stranded DNA molecule similar to the DNA abducts created
during Homologous Recombination.
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[11.3 Materials and Methods

[11.3.1 CtIP project

111.3.1.1 CtIP protein expression and purification

The protein CtIP was purified and subsequently biochemically analysed by Dr.
Oliver Wilkinson from Prof. Mark S. Dillingham’s laboratory (University of Bristol,
UK) following the “Material and Methods” corresponding section in Wilkinson, et
al. (2019) [Figure III-5].
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Figure lll-5 WT CtIP oligomeric state analysis by SEC-MALS and SDS-PAGE.
SDS-PAGE and SEC-MALS analysis of wild type CtIP as prepared (lane 1, black trace) and
following post-purification dephosphorylation (lane 2, grey trace). Horizontal lines on the SEC-
MALS graph show the expected molecular weights for monomeric, dimeric and tetrameric CtIP
species. Figure adapted from Wilkinson, et al. (2019).

Preparation of mutant (R839A, R100W, L27E, Jawad and Seckel) or
dephosphorylated variants of the protein were performed by members of Prof.
Mark S. Dillingham'’s laboratory.

111.3.1.2 DNA substrate fabrication and purification

DNA molecules chosen for the analysis of CtIP were prepared by Dr. Oliver
Wilkinson from Prof. Mark S. Dillingham’s laboratory (University of Bristol, UK)
following the “Material and Methods” corresponding section in Wilkinson, et al.
(2019).
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111.3.1.3 Sample preparation and image acquisition for Atomic Force
Microscopy

Protein sample preparation for air image acquisition

Samples prepared for the analysis of the CtIP protein conformations were
incubated in 20 mM Tris-HCI pH 8.0, 200 mM NaCl and 1 mM DTT. The final CtIP
concentration was 4 nM. The buffered solution containing CtIP was deposited
onto a freshly cleaved mica surface. Then, to limit the interaction of CtIP with the
mica surface the solution was washed after 30 seconds three times with 1 ml of
Milli-Q water and, thereafter gently dried under a constant nitrogen air flow.

Protein sample preparation for liguid image acquisition

CtIP stock solution was diluted to 4 nM in 20 mM Tris-HCI pH 8.0 and 200 mM
NaCl. A volume of 2 ul of the CtIP dilution was deposited onto a freshly cleaved
mica and incubated for 15 minutes. Then, the solution was washed by
exchanging the previous buffer with a low salt buffer; 20 mM Tris-HCI pH 8.0 and
30 mM KCI. The mica surface plus the protein solution was then moved onto a
liquid cell with a buffered solution; 20 mM Tris-HCI pH 8.0 and 30 mM KCI.

DNA-protein sample preparation for air image acquisition

Samples for the study of the DNA-CLIP interaction were initially prepared in 100
mM HEPES pH 7.5 and 100 mM NaCl. Reactants were at a 10 nM concentration
for DNA and CtIP4 concentrations range from 0 to 250 nM. The titration was
chosen for an in-depth analysis of CtIP concentration effect onto the DNA
molecules. The resulting mixture volume, 2 pl, of DNA:CtIP4 at ratios (1:0, 1:6,
1:13, 1:19 and 1:25) was incubated for 15 minutes. Simultaneously a freshly
cleaved mica surface was pretreated with a solution of 7.5 mM MgCl2 and washed
three times with one millilitre of Milli-Q water. A volume of 18 ul of a low salt
buffer with 4 mM HEPES pH 7.5 and 10 mM NaCl; was pipetted on the pretreated
mica surface followed by 2 ul of the previously explained DNA-CtIP solution. This
step decreases the final concentration of the sample and buffer components while
allowing a high concentration incubation. This decreased the formation rate of
protein or DNA aggregates due to low salt or low DNA/protein concentration
[Fuentes-Perez, et al. (2012)].

The final deposited solutions were incubated for 30 seconds, washed three times
with 1 ml of Milli-Q water and dried under constant flow of nitrogen air
[Lyubchenko, et al. (2009)].
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DNA-protein sample preparation for liquid image acquisition

CtIP stock solution was diluted to 4 nM in 20 mM Tris-HCI pH 8.0 and 200 mM
NaCl while the DNA stock solution was diluted to 0.38 nM in 20 mM Tris-HCI pH
8.0, 30 mM KCI and 2 mM MgClz. One microliter of each solution was deposited
onto a freshly cleaved mica to a total volume of 2 pl and incubated for 10
minutes. Then, the mixture was washed by exchanging the buffer three times with
20 mM Tris HCI pH 8.0 and 30 mM KCI. The washed sample was then moved
onto a liquid cell with the previous stated buffer.

AFM image acquisition conditions

Images were obtained using a Nanotec Electronica S.L. Atomic Force Microscope
using the amplitude modulation (tapping) mode unless otherwise stated. Air
samples were imaged at room temperature and humidity at a rate of 1.48 lines
per second and 512 lines per image and pixels per line, 346 second per image.
Liquid samples were imaged at a higher rate, 4-540 lines per second, with a
variable number of pixels per image, from 512x512 to 80x80 pixels. Cantilevers
utilized were PPP-NCH (Nanosensors, Switzerland) for air image acquisition and
BL-10-ACTS (Olympus, Japan) for liquid acquisition.

Image processing was performed following the method presented in chapter
11.3.1.4.

111.3.2 Dna2 project

111.3.2.1 Identification, cloning and expression of Bad, a bacterial DNA2-
like enzyme

A DNA2-like enzyme from Geobacillus stearothermophilus 10 (DSM accession
number 13240, Taxonomy ID: 272567) was cloned by PCR from genomic DNA by
Dr. Oliver Wilkinson from Prof. Mark S. Dillingham laboratory. The untagged gene
was ligated into the pET28a vector (Novagen) for expression using the T7
promoter system. The entire sequence of the cloned gene, which has been
annotated as a AAA+ ATPase, was identical to that reported in the G.
stearothermophilus 10 genome (accession number WP_053413574). The gene
encodes a 1245 amino acid protein with a molecular weight of 143 kDa and a
theoretical extinction co-efficient of 195960 M-'cm-'. We note that a small number
of other polypeptide sequences have been reported in the proteomes of
Geobacillus stearothermophilus and closely-related strains which are virtually
identical to Bad but which feature an additional 25 amino acids at the N-terminus
(e.g. accession number ADU93794.1). Given that sequences of this type are in a
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significant minority, and that all the longer sequences contain a methionine
residue at position 26, it is likely that the start codon has been mis-assigned in
these instances. We have cloned and expressed an example of the longer Bad
polypeptide but this was found to be insoluble (data not shown).

111.3.2.2 Purification of Geobacillus stearothermophilus Bad

Bad was purified by Dr. Oliver Wilkinson from Prof. Mark S. Dillignham laboratory.
For overexpression in E. coli, pET28a-Bad was transformed into BL21(DE3) cells.
The cells were grown in LB to mid-log phase before induction with IPTG (1 mM)
for 16h at 27°C. All buffers were degassed extensively prior to use in the
preparation to prevent oxidation of the iron-sulphur cluster. The pellet (~10g) from
4L of bacterial culture was resuspended in 30mL lysis buffer (50mM Tris-HCI
pH8.3, 1mM EDTA, 150mM NaCl, 10% glycerol, 5mM DTT, 1mM PMSF, Roche
protease inhibitor cocktail) and sonicated on ice for a total of 1 minute in 5 second
pulses with rests. After centrifugation at ~50,000g for 30 min at 4°C, ammonium
sulphate was added slowly with stirring to the cleared lysate to a final
concentration of 50% (w/v) at 4°C. The precipitated protein was then recovered to
a pellet by centrifugation at 50,000g for 30 min at 4°C. This pellet was then
resuspended in Buffer A (20mM Tris-HCI pH8.0, 1mM EDTA, 5% glycerol, 0.1mM
PMSF, 5mM DTT, Roche protease inhibitor cocktail) up to a volume where the
conductivity of the solution was 16mSv, and then loaded at 2mL/min onto a 5mL
Heparin column equilibrated in Buffer B (20mM Tris-HCI pH8.0, 1mM EDTA,
100mM NaCl, 5% glycerol, 0.1mM PMSF, 5mM DTT). After washing for 5CV with
Buffer B, a gradient was run over 20CV into Buffer C (20mM Tris-HCI pH8.0, 1mM
EDTA, 1M NaCl, 5% glycerol, 0.1mM PMSF, 5mM DTT). The BAD-containing
fractions were pooled and diluted with Buffer A to give a final salt concentration of
~170mM NaCl before loading at 2mL/min onto a 1mL MonoQ column pre-
equilibrated in Buffer D (20mM Tris-HCI pH8.0, 100mM NaCl, 5mM DTT). After
washing with 5CV Buffer D, the protein was eluted by running a gradient from
Buffer D to 50% Buffer E (20mM Tris-HCI pH8.0, 1M NaCl, 5mM DTT) over 20CV.
The most concentrated BAD-containing fractions were pooled and 1.5mL was
injected onto a pre-equilibrated Superdex200 16/600 column in Buffer F (20mM
Tris-HCI pH8.0, 300mM NaCl, 5mM DTT). The pool of the peak fractions was spin
concentrated (Millipore, 50kDa cutoff) to a final concentration of ~15uM.

111.3.2.3 DNA molecule fabrication and purification

DNA molecules chosen for the analysis of Bad interaction with DNA were
prepared based on molecules presented in Levikova, et al. (2013) and Luzzietti,
et al. (2011) by Dr. Clara Aicart-Ramos or myself from Prof. Fernando Moreno-
Herrero’s laboratory.
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The desired DNA molecules were obtained by linearization of the pNLrep plasmid
(kindly gifted by Prof. Dr. Ralf Seidel), 6808 bp, with the restriction enzymes BsrGl
and BamHI| (New England BioLabs, USA) to a final length of 6610 bp. Introduction
of a dephosphorilation step before inactivation of the restriction enzymes was
necessary to avoid a later religation of the DNA fragment with itself [Luzzietti, et
al. (2011)]. The linear piece was then purified by gel extraction and the purified
fragment was subsequently digested with Nt. BbvCl, a nicking endonuclease that
cleaves only one strand of DNA on the double-stranded DNA substrate sequence.
The nicking affects only one of the two strands resulting in the formation of 15-16
bases long fragments that after denaturation create a 63 bp-gap of single-
stranded DNA in which desired oligonucleotides can be hybridised. The
denaturation step of the DNA molecule occurs at 37 °C for 2 hours, leaving a 63
bp-gap of single-strand DNA. Later, a poly-T tail oligo partially anneals into the
gap leaving 37 non-complementary thymine nucleotides by heating at 80 °C for 5
min and slowly cooling down to 30 °C, leaving a 5" overhang of a single-strand
poly-T tail DNA at 445 bp from the proximal end. A final step of ligation with T4
DNA ligase (New England Biolabs, USA) was performed.

6583 bp total
—= |
=37 thymine nucleotides

445 pp 63 bp
gap

Figure Ill-6. DNA molecule employed in the Bad project.

111.3.2.4 Sample preparation and image acquisition for Atomic Force
Microscopy

DNA-protein sample preparation for liquid image acquisition

Bad stock solution was diluted to a 2.5 nM concentration in 20 mM Tris-HCI pH
8.0, 300 mM NaCl and 1 mM DTT. The DNA stock solution was diluted to 0.76 nM
in 20 mM Tris-HCI pH 8.0, 30 mM KCI and 2 mM MgClz. A volume of 20 pl
composed of 10 pl of each solution was incubated with 4 mM ATP for 15 to 30
minutes. Then, 2 ul of the reaction were deposited onto a freshly cleaved mica for
10 minutes to stop the reaction. The final mixture was washed by exchanging the
buffer three times with 20 mM Tris HCI pH 8.0, 30 mM KCI, 2 mM MgCl2 and 4
mM ATP. The washed sample was then moved onto a liquid cell with the previous
stated buffer.

AFM image acquisition conditions
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Images were obtained using a home-built Atomic Force Microscope by Prof.
Toshio Ando’s group (Nano-Life Science Institute-Kanazawa University, Japan)
using the amplitude modulation (tapping) mode. Sample images were acquired at
a fast rate, 120-540 lines per second, with a variable number of pixels per image,
from 150x150 to 80x80 pixels, and sizes of 400x400 nm2 to 75x75 nmz2.
Cantilevers employed were BL-10-ACTS or BL-7-ACTS (Olympus, Japan) for
liquid image acquisition.
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I11.4 Results

111.4.1 Double-Strand Breaks short resection

111.4.1.1 Homo sapiens CtIP is a stable tetrameric protein

Biochemical analysis of purified wild type CtIP proteins by SEC-MALS revealed a
single peak at an estimated weight of 391+23 kDa [Figure III-5]. This molecular
weight is in agreement with a tetrameric protein state, as CtIP monomer has a
predicted molecular weight of around 100 kDa [Quist, Huertas et al. (2011)].
However, chromatographic step of CtIP protein purification showed an earlier than
expected elution for a ~400 kDa protein [Wilkinson, et al. (2019)]. Elution of
molecules on size-exclusion chromatographic columns depends on molecule
weight and shape which, in this case, indicated an unusual shape for CtIP.

Atomic Force Microscopy images of purified CtIP molecules exhibited varying
structures. Five species of molecules were classified based on their molecular
shape [Figure IlI-7 A]. The class | is composed of molecules with a round shape.
Class Il is composed of more complex molecules with a round shape followed by
a tail. Larger species were divided into classes lll, IV and V based on the number
of round shapes connected by a tail or linear structure. Class Ill has two round
shapes interconnected. Class IV has three and class V has four or more
connected round structures. A further volumetric analysis (explained in chapter
11.3.3.7) was performed to confirm differences between classes [Figure IlI-7 C].
The largest molecular species, class V, had a volume corresponding to a ~380
kDa protein [Fuentes-Perez, et al. (2013)]. The weight is closely related to the
estimated weight for CtIP tetrameric species. These molecules were similar to
dumbbell-shaped particles revealed by Electron Microscopy or have a more open
conformation [Figure I1I-7 B]. Classes I-1l and classes IlI-IV were grouped together
based on comparable volume distributions. These classes (I, II, Ill and IV) had
lower volume distributions than class V. This is probably associated with lower
oligomeric states produced by strong protein-surface interaction or by the
necessary sample dilution for AFM image acquisition.
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Figure lll-7. Wild type CtIP conformation analysis by Atomic Force Microscopy and Electron

Microscopy.
A) AFM images of purified WT CtIP divided into 5 classes. Images I-V show examples of proteins
pointed by yellow arrows for each class with a representative profile of the molecule squared.
Scale bar is 100 nm. B) 2D classification of WT CtIP by negative staining EM. Scale bar is 20 nm.
C) Relative protein volume distribution for the 5 classes shown. A linear relation exists between
relative volume and the protein molecular weight. A relative volume of 4.4 predicted a molecular
weight of around 380 kDa [Fuentes-Perez, et al. (2013)]. Image adapted from Wilkinson, et al.
(2019).
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To supplement and verify the data obtained for the Wild type CtIP protein,
additional analysis of two mutated CtIP variants were performed. A mutation on
the aminoacid 839 (R839A), at the possible DNA-binding domain of CtIP, did
retain the tetrameric state as revealed by SEC-MALS and was composed of the
same class of species as revealed by Atomic Force Microscopy images [Andres,
Appel et al. (2015)] [Figure llI-8 A]. On the other hand, a mutation on the
aminoacid 27 (L27E), at the tetramerisation domain [Davies, et al. (2015)], was
predicted to have molecular weight around 270-190 kDa and revealed a different
classification of species by Atomic Force Microscopy imaging [Figure l1-8 B]. The
molecular weight predicted by SEC-MALS and the subsequent disappearance of
class V molecules in the L27E mutant suggested that the largest class of
molecules was associated to the tetrameric state of the protein CtIP.
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Figure Ill-8.Conformation analysis of R839A and L27E CtIP mutants by AFM.
A) AFM images of purified R839A CtIP divided into 5 classes. Images I-V show examples of
proteins pointed by yellow arrows for each class. Scale bar is 100 nm. B) AFM images of purified
L27E CtIP divided into 4 classes. Images I-IV show examples of proteins pointed by yellow arrows
for each class. No molecules were detected with class V properties. Scale bar 100 nm. C) Relative
protein volume distribution for the 5 classes shown for R§39A CtIP. D) Relative protein volume
distribution for the 4 classes shown for L27E CtIP. Image adapted from Wilkinson, et al. (2019).

104 Alejandro Martin Gonzélez - September 2019



Homologous Recombination

111.4.1.2 CtIP is a flexible protein

Coiled-coil and disordered domains had been previously described as flexible
domains by Atomic Force Microscopy [de Jager, et al. (2001)]. To complement
the analysis on the oligomeric structure of the protein CtIP, flexibility-related
analysis on the previously shown molecular classes was performed. In air-
acquired images, protein molecules were anchored to a mica surface and, thus,
dynamic behaviour was not present [Figure |Il-9 A]. However, contour length
analysis of molecules from classes Ill and IV revealed an average of 30 nm length
of the tailed domains with high variability between molecules [Figure 1lI-9 B]. The
high-variability of contour lengths is consistent with the presence of high flexibility
coiled coil or disordered domains in the protein CtIP [Figure [1I-9 C-D].
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Figure lll-9. AFM images and analysis on CtIP flexibility.
A) AFM images of molecules from class Ill and IV. Scale bar 20 nm. B) Contour length histogram
for tailed domains. Peak at 26118 nm. C) Profiles and contour lengths for class Ill molecules of A).

D) Profiles and contour lengths for class IV molecules of A).
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To study the dynamic behaviour of CtIP molecules, the protein was incubated and
imaged in a liquid environment. Liquid medium samples were incubated in similar
conditions to air dried samples without drying process. As expected, images
acquired on these conditions showed a very high flexibility but also a fast
movement and interaction with the surface [Figure IlI-10]. Due to the fast
movement of the molecules the results had low resolution, the images were taken
at a rate of 1 image per 10-15 seconds [Figure I1l-10 A-B]. To overcome the limits
of the image acquisition time of the Nanotec S.L. Atomic Force Microscopy, a
collaboration with the group of Prof. Toshio Ando at the Nano-Life Science
Institute, Japan, was proposed to visualize the protein in a High-Speed Atomic
Force Microscope. As described in the introductory section of this thesis,
Professor Toshio Ando developed a High-Speed AFM for biological samples
capable of image acquisition at a 10-15 Hz rate, 1 image per 4-6 seconds. There,
CtIP protein molecules were imaged with one of the High-Speed Atomic Force
Microscopes [Figure 1lI-10 C-D]. The spatial resolution of the images acquired
with Ando’s HS-AFM proved to be similar to the resolution of the Nanotec S.L.
AFM but at a much better time resolution. The dynamic behaviour of CtIP and fast
exchange of proteins in close interaction with the surface made it challenging to
obtain videos of moving proteins with a Nanotec AFM but the same protein was
imaged with a High-Speed AFM at higher resolution. In Figure 11l-10, two CtIP
molecules are showed in sequential images for a conventional AFM, left, and a
High-Speed AFM, right. The time resolution of the HS-AFM allowed the
acquisition of images without the “parachutting” effect and the protein movement
is not masked by the movement of the tip along the image surface seen in the
conventional AFM.
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Figure Ill-10. Comparative CtIP images acquired by two AFMs inside liquid medium.
A) Images of a class Ill molecule acquired by a Nanotec AFM at 154x154 pixels and 28 s per
image. Observe in images 1, 2, 5 and 6 the blurring regions corresponding to the disordered
domain of CtIP. B) Images of a class Il or il molecule acquired by a Nanotec AFM at 100x100
pixels and 19 s per image. C) Images of a class II-Ill molecule acquired by a High-Speed AFM at
100x100 pixels and 100 ms per image. D) Images of a class Il molecule acquired by a High-Speed
AFM at 100x100 pixels and 150 ms per image. Scale bar of images 20 nm.

The faster acquisition time revealed some aspects of CtIP dynamic behaviour
which were consistent with the flexibility of the coiled-coils and disordered
domains [Figure lll-10 C-D]. The contour length of molecules measured by the
Nanotec AFM was consistent with the predicted length of 30 nm per tailed domain
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but the High-Speed AFM revealed a very fast exchange between “small” and
‘large” conformations of tailed domains [Figure [1I-9 B, Figure lll-10 C-D, Figure
1-11].

Figure Ill-11. Exchange of classes as seen by HS-AFM.
A) Fast-moving CtIP molecule switching conformation between classes | and Il. B) Fast-moving
CtIP molecule switching conformation between classes Il and VI. C) Fast-moving CtIP molecule
switching conformation between close and open class V. Images of 100x100 pixels and 100 ms
per image. Scale bar is 20 nm.

The High-Speed AFM videos showed an interconnection between classes | and |l
and classes Il and IV [Figure 1ll-11 A-B]. These results were in agreement with
the similar volume distribution of these classes [Figure Ill-7 C]. The largest class
of species, class V, showed also dynamic behaviour with open, splayed globular
domains, and closed, globular domains nearby, conformations [Figure lll-11 C].

111.4.1.3 CtIP bridges non-canonical DNA-ends in vitro

The results obtained on the molecular state of the protein by AFM were useful for
the understanding of the binding interaction between damaged-DNA and CtIP. To
further extend this knowledge on CtIP interaction with DNA, a DNA molecule with
non-canonical DNA-ends was incubated with CtIP and imaged under an AFM. To
analyse the possible formation of CtIP-DNA complexes we engineered a small
DNA molecule, 547 bp, with two short, 20 bp, single-stranded DNA overhangs
attached on both 3’ and 5’ ends. The DNA molecule simulates a broken DNA
piece generated by a Double-Strand Break with “dirty” ends. Before Atomic Force
Microscopy analysis, EMSA assays showed that this DNA molecule interacts with
CtIP [Wilkinson, et al. (2019)]. As control, we first imaged the DNA molecule
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deposited onto a mica surface alone [Figure Ill-12 A]. The molecular size
distribution fits to a single population of molecules with 19522 nm in contour
length [Figure 1l1-12 A]. In agreement with the size of the DNA molecule (587 bp)
in length DNA molecule [Wing, Drew et al. (1980)]. Next, we repeated the same
experimental procedure in the presence of increasing ratios of DNA:Wild type
CtIP4. The ratios tested were 1:0, 1:6, 1:12, 1:19 and 1:25. Samples prepared
under these ratios showed a combination of DNA, CtIP and complex molecules
formed by the expected CtIP:DNA interaction. In addition, the AFM titration
analysis revealed an increased number of long molecules in relation to the
increase of the CtIP concentration. This effect is showed in Figure 1lI-12 D as
cumulative frequency of molecules at different DNA:CtIP4 ratios. For the control
sample, molecular complexes longer than 19522 nm accounted only for the 4%
of total molecules. At the 1:25 ratio of the DNA:CTIP samples, the percentage
was increased to around 30%. Specifically, bridged molecules of DNA-CtIP
(complex molecules with contour length being a multiple of 19520 nm, where ¢
refers to the standard error of the measure or in this case 11 nm), were not
detected on the control samples but accounted for 7% in the Wild type CtIP
samples [Figure 1l-12 D]. Note that analysis of contour lengths did not reflect the
intramolecular binding events as these are single circularised molecules [Figure
11112 C]. Moreover, Atomic Force Microscopy images revealed intermolecular
connections of molecules [Figure IlI-12 B, zoomed images]. However, the fraction
of complex molecules observed was lower than that revealed by the
electrophoresis assays performed by Dr. Oliver Wilkinson at Prof. Mark S.
Dillingham laboratory because other biochemical analysis revealed an inhibitory
effect to the DNA:CtIP interaction by Mg2* ions which were present in AFM
images to facilitate the deposition of DNA molecules onto a mica surface
[Bezanilla, et al. (1995); Wilkinson, et al. (2019)]. The results, together with other
biochemical data, suggest that the interaction of CtIP was not strictly limited to the
DNA ends [Wilkinson, et al. (2019)]. To further prove this interaction effect of CtIP
with DNA molecules, the R839A and L27E mutants and a dephosphorylated
fraction of Wild type CtIP were incubated with DNA molecules.

Alejandro Martin-Gonzélez - September 2019 109



Atomic Force Microscopy characterization of DNA-binding proteins involved in the repair
and organisation of DNA

d{ ol \)(
503 N=271{g0 ,
02 1605
0.1 198
£ 120
00 0

200 400 600 800 1000
Contour length (nm)

;‘\; 1.0
2 08 DNA : wiCtIP,
K —1:0
g 06 —1:6 -
3 —1:12
8 04 —1:19 T
3 02 —1:25 4
@
[¢]
S 00 il i L L 1
0 200 400 600 800 1000

Contour length (nm)

Figure lll-12. Atomic Force Microscopy images and analysis of the DNA-CtIP interaction.
A) Representative AFM images of forked DNA molecules in the absence of CtIP. The contour
length histogram shows a single Gaussian peak centred on a value equivalent to a single contour
length. Scale bar is 500 nm for left image and 100 nm for zoomed examples. B) Representative
AFM images of DNA-CtIP complex molecules. The contour length histogram shows multiple size
populations. The solid line indicates the Gaussian distribution for the control sample population.
Yellow arrows indicate observed complex molecules. Scale bar is 500 nm for left image and 100
nm for zoomed examples. C) Representative AFM images of intramolecular binding events. Blue
arrows indicate position of circularized molecules. Scale bar is 250 nm. D) Cumulative graph for
contour length molecule population. Increasing ratios of DNA:CtIP emphasized the effect of CtIP
on the appearance of longer molecules. Dashed lines highlight the position of single and double
contour length populations.
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111.4.1.4 Dephosphorylation of CtIP increases DNA-bridging

Phosphorylation processes and enzymes are associated to the activation of
protein molecules for specific mechanism of the Synthesis and Second-growth
phases of the cell cycle. Previous studies have shown an increase in DNA binding
affinity for CtlIP when treated with phosphatases [Anand, et al. (2016)].
Consequently, to analyse the effect of dephosphorylation on CtIP, Wild type CtIP
was purified and treated with A phosphatase. The previously presented images
and analysis were repeated with this CtIP fraction (ACtIP). Atomic Force
Microscopy image analysis shows an increase number of complex molecules in
similar conditions to WT CtIP samples. The cumulative graph of the molecular
contour length distribution shows an increase in molecular populations longer
than the control sample [Figure [lI-13 C, left black dashed line]. Biochemical
studies corroborated the effect [Wilkinson, et al. (2019)]. Dephosphorylation
increased the affinity of CtIP for non-canonical DNA ends. The stoichiometry
between DNA and CtIPs molecules was described as 0.56 CtlPs per DNA
molecule or, approximately, one CtlPs per two DNA molecules from the
anisotropy assays performed in Wilkinson, et al. (2019).
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Figure lll-13. Atomic Force Microscopy images and analysis of DNA-dephosphorylated CtIP
interaction.

A) Representative AFM images of DNA-dephosphorylated CtIP complex molecules at 1:6 ratio.
The contour length histogram shows multiple size populations. The solid line indicates the
Gaussian distribution for the control sample population. Yellow arrows indicate observed complex
molecules. Scale bar is 500 nm for left image and 100 nm for zoomed examples. B)
Representative AFM images of DNA-dephosphorylated CtIP complex molecules at 1:19 ratio. The
contour length histogram shows multiple size populations. The solid line indicates the Gaussian
distribution for the control sample population. Yellow arrows indicate observed complex
molecules. Scale bar is 500 nm for left image and 100 nm for zoomed examples. C) Cumulative
graph for contour length molecule population. Dashed lines highlight the position of single and
double contour length populations.
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111.4.1.5 The N and C-terminal domains of CtIP are crucial for DNA-
bridging

To understand the role of the N- and C-terminal domains of the protein we
repeated the analysis with the mutations L27E and R839A. In Wilkinson, et al.
(2019) and previous biochemical studies, the formation of a CtIP tetramere from
the N-terminal connections is showed to be essential for the connection of
damaged DNA-ends in Homologous Recombination [Davies, et al. (2015)]. In
contrast, the role of the C-terminal domain is not completely understood. The
globular domains have a Sae2 homologous DNA-binding domain composed of a
Ribbon-Helix-Ribbon motif [Ferretti, et al. (2016)]. Analysis by Atomic Force
Microscopy of the DNA-CtIP complexes present in a sample incubated either with
L27E or R839A revealed a significant decrease of molecules longer than 195422
nm [Figure 1l-14 A-B]. Somewnhat surprising, the effect was similar between both
mutants. The results showed a decrease from around 30% of complex molecules
for Wild type CtIP to 10% for these mutants [Figure I1I-12 D, Figure 11I-14 C]. This
result suggests a cooperative role of the N- and the C-terminal domains,
therefore, the relevance of the formation of a stable tetrameric protein from the N-
terminal with four active C-terminal DNA-binding domains.
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Figure lll-14. AFM images and analysis of the mutant CtIP interacting with DNA.

A) Representative AFM images of DNA-L27E CtIP complex molecules at 1:19 ratio. The contour
length histogram shows a decrease in complex molecules compared to WT CtIP. The solid line
indicates the Gaussian distribution for the control sample population. Yellow arrows indicate
observed complex molecules. Scale bar is 500 nm for left image and 100 nm for zoomed
examples. B) Representative AFM images of DNA-R839A CtIP complex molecules at 1:19 ratio.
The contour length histogram shows a similar decrease compared to the L27E. The solid line
indicates the Gaussian distribution for the control sample population. Yellow arrows indicate
observed complex molecules. Scale bar is 500 nm for left image and 100 nm for zoomed
examples. C) Cumulative graphs of contour length per molecule population for L27E (left) and
R839A (right). Dashed lines highlight the position of single and double contour length populations.
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111.4.1.6 CtIP role in syndromes Seckel 2 and Jawad

The role of CtIP as a key protein for the first steps of Homologous Recombination
is emphasised from its role in syndromes Seckel 2 and Jawad [Quist, et al.
(2011)]. These syndromes are related to infant deficiency in DNA-repair
mechanisms and cause accelerated aging and mental retardation. Studies
correlated CtlP gene variations with the appearance of these two syndromes
[Quist, et al. (2011)]. These mutations cause a premature transcription stop of the
CtIP gene. The stop creates a truncated CtIP with less aminoacids on the C-
terminal domain. In Seckel 2 syndrome the protein is expressed with 782
aminoacids instead of the 897 aminoacids of the Wild type CtIP. The Jawad
syndrome CtIP protein contains 608 aminoacids. The reduction in C-terminal
domain aminoacids results in a defective Double-Strand Break-repair processing
protein. It is also associated to a defect in the ATR-dependent signalling process
[Sartori, et al. (2007)]. To comprehend the role of these syndromes on DNA-
bridging, the truncated versions of CtIP were produced. A third variant was tested,
R100W, which is also described to be present in Seckel 2 syndrome patients
[Shaheen, et al. (2014)].
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Figure lll-15. Atomic Force Microscopy images and analysis of syndrome CtIP variants.
A) Representative AFM images of DNA-R100W CtIP complex molecules at 1:19 ratio. The contour
length histogram shows a similar population for complex molecules compared to the R839A and
L27E mutants. The solid line indicates the Gaussian distribution for the control sample population.
Yellow arrows indicate observed complex molecules. Scale bar is 500 nm for left image and 100
nm for zoomed examples. B) Representative AFM images of DNA-Seckel 2 CtIP complex
molecules at 1:19 ratio. The contour length histogram shows barely any population outside the
control distribution. The solid line indicates the Gaussian distribution for the DNA sample
population of the DNA sample. Yellow arrows indicate observed complex molecules. Scale bar is
500 nm for left image and 100 nm for zoomed examples. C) Representative AFM images of DNA-
Jawad CtIP complex molecules at 1:19 ratio. The contour length histogram, similarly to the Seckel
2, shows barely any molecular species outside the control distribution. The solid line indicates the
Gaussian distribution for the control sample population. Yellow arrows indicate observed complex
molecules. Scale bar is 500 nm for left image and 100 nm for zoomed examples. D) Cumulative
graphs of contour length per molecule population for R100W (left), Seckel 2 (middle) and Jawad
(right). Dashed lines highlight the position of single and double contour length populations.

116 Alejandro Martin Gonzélez - September 2019



Homologous Recombination

The three mutations tested had very low affinity for DNA bridging as revealed by
the cumulative graphs [Figure [lI-15 D]. The molecule population outside the
control distribution for the R100W mutant had similar results to the previously
showed R839A and L27E CtIP mutations. The other two syndrome proteins had
poor bridging ability with very few molecules outside the control distribution.
These results suggest an inactivation of the bridging interaction of CtIP in both
syndromes which were also related to defective processing of Double-Strand
Breaks [Sartori, et al. (2007)].

111.4.1.7 CtIP “slides” through double-strand DNA

The current model on the CtIP role on Homologous Recombination proposes a
static collaboration between the MRN complex and CtIP to bind and bridge
broken DNA ends [Forment, Jackson et al. (2015)]. Nevertheless, analysis of the
dynamic behaviour of CtIP by High-Speed Atomic Force Microscopy in section
[11.4.1.2 showed the dynamics of a fast and flexible protein. The flexibility of CtIP
may be of importance to stablish a non-rigid stable union between broken ends.
To study the dynamic behaviour of the CtIP-DNA complexes, Wild type CtIP was
incubated with a long, double-stranded DNA molecule with a small single-strand
flap for CtIP binding. The samples were analysed with a High-Speed Atomic
Force Microscope from Prof. Toshio Ando laboratory. The preparation of the
sample was found to be troublesome due to frequent tip-sample interaction.
However, videos were acquired of CtIP molecules “sliding” through a double-
strand DNA molecule [Figure 1lI-16]. In these videos it is revealed that CtIP did
not need of free-DNA ends for binding to dsDNA. Once bound to DNA the protein
is able to move along the molecule [Figure I1I-16]. This result was in agreement
with intermolecular connection of molecules suggested in section 111.4.1.3 as the
protein did not necessarily bridge DNA molecules through their ends.
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Figure Ill-16. CtIP molecules moving along a double-stranded DNA molecule.

A) Images of WT CtIP molecules moving along a dsDNA molecule anchored to a mica surface
inside liquid medium. Arrows signal individual molecules “sliding” through DNA. Images acquired
of 80x80 pixels at 300 ms per image. Scale bar is 80 nm. B) Images of L27E CtIP molecules
moving along a dsDNA molecule. Arrow signals an individual molecule. Images acquired of 80x80
pixels at 300 ms per image. Scale bar is 80 nm. C) Images of WT CtIP moving and exchanging
strands on a dsDNA molecule. Arrows signal individual molecules. Images acquired of 80x80
pixels at 150 ms per image. Scale bar is 40 nm.

The DNA molecule used in this section has blunt ends. In biochemical assays,
this type of DNA ends were found to be less susceptible to CtIP binding
[Wilkinson, et al. (2019)]. However, the exchange of CtIP proteins bound to DNA
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was fast. Few molecules were captured trapped at a DNA-end. Surprisingly, it
was frequent to find many CtIP protein molecules moving along a DNA molecule.

111.4.2 Double-Strand Breaks long resection

111.4.2.1 Bad remains attached to double-stranded DNA after the
translocation had stopped

To further understand the Homologous Recombination mechanism, a DNA2-like
helicase/nuclease was imaged under High-Speed AFM. Bad from Geobacillus
stearothermophilus is a helicase/nuclease protein with 5’>3" helicase and ssDNA
translocase with DNA2 homology in its structure and function as an ATP-
dependent 5'-flap endonuclease [Balakrishnan, et al. (2010); Kim, et al. (2006)].
Other single molecule studies of this type of proteins have described a fast-paced
unwinding mechanism of double-stranded DNA molecules with small 5’ single-
strand DNA overhangs. The activation of the nuclease or helicase domains are
controlled by the concentrations of ATP and Mg?2*. In conditions of [ATP] <[Mg#*],
the DNA2-like proteins cleave ssDNA overhangs located in front of the protein,
while, in conditions of [ATP]>[Mg#], they are able to unwind the DNA without
detaching from it due to the cleaving of one strand. Nonetheless, a nuclease-dead
mutant is necessary for the protein to completely unwind a DNA molecule
[Levikova, et al. (2013)]. Without endonuclease activity the protein remains
attached to the dsDNA throughout the unwinding mechanism. To better
comprehend this mechanism we prepared a long dsDNA molecule with a ssDNA
overhang. A reaction process between the DNA molecule and a nuclease-dead
mutation of Geobacillus stearothermophilus Bad was imaged by High-Speed
Atomic Force Microscope. As preliminary results, AFM videos showed Bad
molecules anchoring to the DNA molecule at the expected position of the single-
strand overhand in conditions of [ATP]<[Mg?*] or helicase inactive [Figure IlI-17
Al.

In addition, a DNA unwinding reaction was performed with Bad and the DNA
molecule in conditions of [ATP]>[Mg?*], after incubation, the reaction was stopped
by deposition onto a mica surface. The HS-AFM videos showed long DNA
molecules connected in the presence of protein [Figure Ill-17 B]. The unwound
dsDNA is able to rehybridise behind the helicase by the absence of single-strand
binding proteins, as opposed to the in vivo conditions which do not allow the
rehybridation [Bae, et al. (2001)]. However, Bad remained bound to DNA
molecules in spots far from the ssDNA overhang position stabilizing long DNA
loops [Figure IlI-17 B].
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Figure lll-17. Dna2 molecules imaged on double-strand DNA.

A) Dna2 molecules binding at the expected position of the single-strand overhand in the double-
strand DNA in presence of [ATP]<[Mg?]. Yellow arrow signals the expected position of the SSDNA
overhang (445 bp from one of the DNA ends); white arrows signal a Dna2 molecule bound to the
DNA molecule. Upper and lower column represent different DNA molecules. Images acquired of
80x80 pixels at 150 ms per image. Scale bar is 80 nm. B) Two examples of Dna2 molecules
bound to a dsDNA molecule and stabilizing a DNA-loop. Upper and lower column represent
different DNA molecules. Images acquired of 80x80 pixels at 300 ms per image. Scale bar is 40
nm.
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I11.5 Discussion

In this study we have characterized the conformation of the Homo sapiens CtIP,
and its DNA binding properties by Atomic Force Microscopy. Complementarily,
data shown on this section from biochemical assasy were performed by Prof.
Mark S. Dillingham laboratory members and Electron Microscopy images were
obtained by Prof. Dale B. Wigley laboratory members [Wilkinson, et al. (2019)].
Atomic Force Microscopy images together with negative-stain Electron
Microscopy and SEC-MALS revealed a CtIP tetrameric state with a “dumbbell”
shape. Additionally, AFM and EM showed other secondary protein conformations
with additional analysis revealing a volume relation to other oligomeric states
differing from the stable tetrameric state [Figure I1I-7]. The tetrameric “dumbbell”
shape of CtIP was in agreement with previous studies based on the hypothesis of
a “dimer of dimers” conformation [Andres, et al. (2015); Davies, et al. (2015);
Forment, et al. (2015)]. Supplementary analysis of CtIP conformational dynamics
by High-Speed AFM showed a fast and dynamic protein [Figure IlI-11].
Altogether, we proposed a working model for the description of the structure of
wild type CtIP [Figure 1lI-18]. In this model, each of the 5 classes of CtIP
molecules are connected to a CtIP oligomeric or conformation state. By volume
distribution analysis the monomeric state was associated to CtIP classes | and Il
[Figure llI-7], the dimeric state corresponds to classes lll and IV and the
tetrameric state is noted as class V. From the shape of the molecule and the
expected domain arrangement from the “dimer of dimers” model each of the
classes is given an overall conformation. For class | species, the disordered and
N-terminal domains are represented as a wrapped complex around the globular
domain. In class Il, the protein is represented as an elongated domain with a tail.
In class Ill, the two globular domains from the C-terminal globular domains are
represented in contact with the disordered tails elongated. For class IV, the C-
terminal globular domains are represented as separated domains with a
connection through the disordered domain. In class V, the tetrameric state of the
protein with is represented with a “dumbbell” or “splayed dumbbell” shape in
concordance with a “dimer of dimers” model. The globular domains are grouped
two by two in the “dumbbell” state or are represented separately in a “splayed
dumbbell” conformation [Figure lI-11].

Furthermore, Electrophoretic Mobility Shift Assays and fluorescence anisotropy
assays found that the tetrameric state of CtIP was capable of tightly bind to DNA
molecules (data not shown) [Wilkinson, et al. (2019)]. A crucial role of the C-
terminal domains of the CtIP monomers is evidenced by the inability of the mutant
R839A to bind to DNA despite retaining a comparable oligomeric state to the wild
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type CtIP [Figure llI-7; Figure [lI-8]. On the other hand, a mutation on the
tetramerisation domain located at the N-terminal, L27E, was also found to be
defective in DNA binding. In this case, this mutant does not form tetramers
contrary to the wild type and R839A proteins [Figure III-7; Figure IlI-8].

Class |

» 2

Class |l

2 LYYV

Figure lll-18. Model proposed for CtIP conformation compared to Atomic Force Microscopy
images.

A) AFM zoomed images of the 5 classes of CtIP molecules found. Scale bar is 25 nm. B) Model

proposed for CtIP molecules found on AFM images. The globular C-terminal domain is

represented as a circle while the disordered and coiled-coil N-terminal domains are represented

as zig-zag lines.

Electrophoretic Mobility Shift Assays revealed an increase on wild type CtIP
binding to DNA with non-canonical DNA-ends. The biggest increase was found for
single-strand DNA forks or model nucleoprotein blocks (data not shown)
[Wilkinson, et al. (2019)]. This effect suggests a preference for “complex” or “dirty”
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ends formed in some metabolic processes such as those in topoisomerase
poisoning [Aparicio, et al. (2016)]. However, the mechanism by which CtIP is able
to process these DNA damages remains unknown. Some hypotheses for the
working model of this mechanism suggest a direct binding of CtIP to the nucleo-
protein or “dirty” nucleic acid conjugate or of a more dynamic behaviour by which
CtIP binds and slides through double-strand DNA with the DNA-ends acting as
exits. The first hypothesis seems unlikely as a direct interaction between the
protein and a variable DNA-end blockage is improbable. The second hypothesis,
however, is in agreement with the fast and dynamic behaviour of the protein as
seen by High-Speed AFM [Figure [lI-16]. In this case, dissociation of CtIP from
the double-strand DNA may be inhibited by the presence of bulky or blocked
DNA-ends. The importance of CtIP interaction with other Double Strand Break-
repair proteins such as the MRN complex and BRCA1-BARD1 remains to be
tested.

Bridged molecules (%)
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Figure Ill-19. Bar graph of bridge DNA molecules by the action of CtIP.

Bar graph representing the population of bridged molecules for wild type, dephosphorylised and
mutated CtIP compared to a sample of the same DNA incubated with Bovine-Serum Albumin. The
black bar of each sample represents the percentage of complex molecules with double contour
length of the DNA-alone sample (range of contour lengths corresponding to 390+44 nm). Grey bar
corresponds to triple, quadruple and quintuple contour lengths (range corresponding to 585+44
nm, 780+44 or 975+44 nm respectively).

Additionally, Atomic Force Microscopy analysis of DNA-CtIP molecular complexes
revealed a bridging interaction between CtIP and double-strand DNA molecules
with small single-strand DNA overhangs. In Figure I1I-19, the population of
molecules composed of 2x DNA lengths (black bars) and of 3x, 4x or 5x DNA
lengths (grey bars) is showed for all the CtIP variants tested in this project. The
control sample with no protein and a sample prepared with Bovine-Serum
Albumin, BSA, are also presented as negative control. As expected, the
population of bridge molecules is the highest for the wild type and
dephosphorylated CtIP experiments whereas mutations on either the C-, N-
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terminal or syndrome-related CtIP molecules have marginal effect for bridging
compared to the control cases. The mutations tested together with the flexibility
analysis and the High-Speed AFM images of CtIP interactions with double-strand
DNA suggest a dynamic CtIP-DNA interaction behaviour [Figure III-9; Figure
[1I-16]. As such, the model proposed in this thesis is focused on the more dynamic
‘slide and capture” mechanism [Figure 111-20].
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Figure Ill-20. Model proposed for DNA-bridging mechanism by CtIP.

The protein CtIP consists of a globular C-terminal, a disorder central and a coiled-coil N-terminal
domains. Assembly of 4 CtIP molecules forms the active tetrameric structure with a “dumbbell”
shape. Disruption of either the C- or N-terminal domain results in low DNA-binding affinity.
Activation of CtIP by dephosphorylation results in an increase of the DNA-binding affinity. In this
model of a “slide and capture” mechanism CtIP may bind the dsDNA and slide through the
molecule up to DSB DNA-ends. Once on a broken end CtIP remains attached and may stabilize
the union of other cofactor and DNA molecules necessary for HR repair mechanism.

Hereafter, the study of the role or cooperation of CtIP with other Homologous
Recombination proteins and a more in-depth structural analysis of the C-terminal
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domain may shed more light on these steps of the HR mechanism. This project
will remain as an open research for further study of other HR proteins and
mechanism related to CtlP. However, the results obtained had been of
importance for the elaboration of a working model for CtIP.

One of the following projects would be to study and understand the role of Dna2
with and without CtIP in the long-resection step of Homologous Recombination.
At the same time of the CtIP study some research experiments of G.
Stearothermophilus Dna2 were performed with Atomic Force Microscopy and
High-Speed AFM. The data showed in chapter [11.4.2 are the results obtained with
G. stearothermophilus Dna2 and High-Speed AFM. The protein proved to be
susceptible to the interaction with DNA deposited on a surface, either
functionalized mica with cations, lipids, APTES or non-functionalized mica, thus,
the opening of the double-strand DNA molecule by the helicase was not
observed. However, incubation of Dna2 with the DNA molecule described in
chapter 111.3.2.3 and posterior deposition onto a mica surface functionalized with
cations proved successful. The result suggests a strong attachment of the protein
to the DNA molecules during the unwinding process as molecular complexes
were found on the mica surface with clear connection spots. These molecular
complexes can be interpreted as the result of the DNA rehybridisation behind
Dna2 due to the lack of single-strand binding proteins [Figure 1l-21]. Nonetheless,
the loops seen in the AFM images may be the result of the protein being capable
of binding to both DNA strands instead of opening the DNA by binding to only one
DNA strand. Thus far, the role of the helicase/nuclease Dna2 remains to be
understood.
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Figure Ill-21. Model proposed for the binding and unwinding of the Dna2 helicase to a DNA
molecule with a small single-strand overhang.

The nuclease devoid mutant of Geobacillus stearothermophilus Dna2 unwinds DNA molecules
with small single-strand DNA overhangs in conditions of higher ATP concentration than
Magnesium. Disruption of the nuclease activity of Dna2 allows the protein to unwind DNA without
detaching from it. The results are long molecular complexes with the protein attached to the DNA
molecules at intersections of various double-strand tails. The binding mode of Dna2 to the DNA
molecules may be a key feature for the rest of the Homologous Recombination repair proteins.
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V. DNA MISMATCH
REPAIR

The transference of genes between different organism leads to genetic diversity
associated to evolution. Typically, gene transference refers to the incorporation of
genes from an organism into its offspring, known as vertical gene transfer. For
example, Homologous Recombination is a functional mechanism for the
integration of DNA in either vertical or horizontal gene transfer. Horizontal gene
transfer indicates the incorporation of genes from a different organism. The
Mismatch Repair is a mechanism for the regulation and control of the DNA
integration in the vertical gene transfer process.

‘Biology will relate every human gene to the genes of other animals and bacteria,
to this great chain of being” — Walter Gilbert, 1980 Physics Nobel laureate
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From the previous chapter, Homologous Recombination is a mechanism for DNA
Double-strand Break-repair and is also associated to vertical gene transfer.
During Homologous Recombination, the chromosomic material of an organism
may undergo an exchange process linked to genetic diversity. In the case of
vertical gene transfer, an exogenous DNA sequence is introduced into an
organism and sometimes introduced into its chromosomic material. Vertical gene
transfer is one of the main mechanisms for antibiotic resistance spreading in
bacteria. Cellular organisms have developed “proofreading” mechanisms to
regulate the content of their chromosomic material.

V.1 Introduction

Diversity in nature plays the role of organism adaptation and survival [Nevo
(2001)]. Genetic diversity can be obtained by means of gene transfer between
non-related organisms in prokaryotes, such as bacteria. Horizontal gene transfer
is of lesser importance in eukaryotes as the DNA transference regularly occurs
from father to offspring [Nelson, et al. (1999); Doolittle (1999); Lan and Reeves
(1996); Andersson (2005)]. Eukaryotes have developed specific mechanisms for
Horizontal Gene Transfer and are more focused on sexual gene transfer between
cells of the same species [Hamilton, et al. (1990)).

In bacteria, the process of Horizontal Gene Transfer was first discovered in 1928
by Frederick Griffith. He injected mice with a living strain of a non-virulent bacteria
and a dead strain of a virulent variant. After a few hours, the mice died from the
action of the bacteria. This result was the first evidence of gene transference
between bacteria [Griffith (1928)]. In prokaryotes, Horizontal Gene Transfer is
divided into three mechanisms: transformation, transduction and conjugation
[Johnston, et al. (2014); Zinder and Lederberg (1952); Tatum and Lederberg
(1947)].

Transformation is widely used in biochemistry laboratories [Figure V-1 A]. The
process allows a cell to uptake exogenous DNA from the surrounding
environment and incorporate it. This mechanism is activated by the cellular
organism in the nature under conditions of pressure or stress [Griffith (1928)]. In a
laboratory, cells are modified suitable for transformation [Solomon and Grossman
(1996)]. The perpetual transforming cells are known as competent cells.
Incorporation of DNA during the transformation process is closely related to
survival in bacteria. For example, the activation of the transformation mechanism
in bacterial organism through antibiotics stress allows the introduction of
exogenous DNA from the surrounding medium increasing the probability to
incorporate plamids encoding the necessary antibiotic-resistance [Croucher, et al.
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(2009)). In scientific research projects, this mechanism is used for amplification of
plasmid DNA molecules [Avery, et al. (1944)].

Transduction mechanism is defined as the addition of viral DNA into a cellular
organism [Figure V-1 B]. The viral particle is responsible of the insertion of
exogenous DNA inside a host-cell membrane. Later, the host replication
machinery would be responsible for the replication and transcription of the
exogenous DNA [lkeda and Tomizawa (1965)]. Previous studies have revealed
the possibility of incorporating not only viral DNA but also bacterial DNA with this
method. In some cases, viral particles include a small fraction of bacterial DNA
from a previously infected organism and thus, transduced it altogether with the
viral DNA [Brussow, et al. (2004)]. The discovery of the transformation
mechanism opened the possibility for the introduction of exogenous DNA into a
cellular organism in a laboratory. In this case, cells do not need to be modified as
with competent cells. However, the exogenous DNA requires to be integrated
inside a viral capsid for its incorporation inside the desired organism [Denning, et
al. (2013)].

Conjugation refers to the exchange of genes between organisms by direct contact
[Figure V-1 C]. The pilus of one organism, the donor cell, connects it to the other
cell, the recipient cell. The pilus allows the exchange of genetic material between
the organisms [Ou and Anderson (1970)]. To transfer the genetic material, the
donor cell unthreads and nicks part of its DNA thus keeping a single-strand DNA
and donating the other single-strand DNA piece. With enough time, the donor cell
may transfer part of its genetic material into the recipient cell [Adelberg and
Pittard (1965)]. Then, the transcription machinery of the recipient cell incorporates
the newly acquired DNA. This mechanism transfers the pilus genes into the
recipient cell. It creates a new pilus converting the previously-recipient cell into a
future donor cell [Ou and Anderson (1970)]. As with the previous mechanisms,
conjugation has been implemented as a laboratory technique for the insertion of a
chosen-piece of DNA into an organism. It has the advantage of not disrupting the
membrane of the recipient cell and allowing the exchange of bigger DNA
sequences [Heinemann and Sprague (1989); Yoon and Koob (2005)]. The
conjugation mechanism has the drawback of requiring an existing donor organism
with the chosen DNA already incorporated.
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Figure IV-1 Schematic representation of Horizontal Gene Transfer mechanisms.
Schematic representation of the three mechanisms associated to HGT. A) Transformation
process, a cell incorporates an exogenous plasmid from the surrounding environment. B)
Transduction process, a cell is infected by a viral particle introducing exogenous DNA inside it. C)
Conjugation process, a donor cell, holding a pilus, communicates with a recipient cell to exchange
DNA.

In the majority of the cases, the insertion of the exogenous DNA into the already
existing genomic material is not necessary. For example, plasmids can be directly
replicated by the host’s replication machinery without the need to incorporate
them inside the preexisting chromosomic material [Actis, et al. (1999)] [Figure
IV-1 A-B]. Alternatively, the genetic material gained during the Horizontal Gene
Transfer process is integrated. For example, the insertion of the F factor
transposable element through Homologous Recombination [Chumley, et al.
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(1979)] [Figure V-1 C]. In bacteria, to incorporate the DNA through Homologous
Recombination the newly integrated single-strand DNA is first covered by a
filament of RecA proteins [Galletto, et al. (2006)]. RecA filaments increase the
helical pitch to facilitate the strand-invasion process of a sufficiently long, at least
30 nucleotides [Chen, et al. (2008); Majewski and Cohan (1999)] [Figure IV-2].
The invasive strand forms a D-loop around the homology sequence [Jayasena
and Johnston (1993)]. Subsequently, a set of Homologous Recombination
proteins exchange the DNA strands [Smith (2012); Dillingham and
Kowalczykowski (2008)]. Homology-directed strand-invasion mechanism is
thought to be regulated via a “proofreading” mechanism [De Vlaminck, et al.
(2012)].

Exogenous ssDNA

Replication

Endogenous dsDNA

JStrand-invaSion

S S U

Figure IV-2 Schematic representation of exogenous DNA integration by Homologous
Recombination.
Schematic representation of the integration process of exogenous DNA. The newly introduced
exogenous DNA s replicated by the host’s replication machinery; then, a small portion of sSSDNA
invades the endogenous DNA on a homology region forming two D-loop structures. Last, the HR
mechanism repairs the junction introducing the heterologous region into the endogenous DNA.
Image adapted from Kowalczykowski, et al. (1994) and Carrasco, et al. (2019).

At the moment, the “proofreading” mechanism is under debate. For E. coli the
Mismatch Repair proteins degrade the non-homologous region of the invasive
strand for further repair of the heterologous region [Lahue, et al. (1989),
Viswanathan, et al. (2001)]. The activation of the Mismatch Repair mechanism
decreases, up to 1000-fold, the genomic exchange between species [Rayssiguier,
et al. (1989)]. However, natural chromosomal transformation with less than 15%
divergence is marginally affected. This raised the question on “what is the effect
of the Mismatch Repair proteins on naturally competent bacteria?”.

Natural competent bacteria are organisms with the Horizontal Gene Transfer
“transformation” mechanism naturally activated. B. subtilis organisms are
susceptible to natural competence activation. To activate this mechanism, B.
subtilis cells are depleted of glucose availability at the early stage of the stationary
phase [Dubnau (1991)]. Under these conditions, B. subtilis cells are able to
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uptake extracellular DNA. Once the exogenous DNA is introduced inside the cell
wall, the recombination machinery internalizes the exogenous DNA. Studies have
shown the importance of the protein RecA and other cofactors for successful
integration of DNA molecules [Cox (1993); Carrasco, et al. (2016)]. RecA is a
single-strand DNA binding protein. It is responsible for the localization and binding
of DNA pieces into homology regions by strand invasion [Jayasena and Johnston
(1993)]. However, complete internalization of DNA is thought to be regulated by
the Mismatch Repair proteins depending on sequence divergence between
exogenous and endogenous DNA.

This chapter results are based on the work published as Carrasco, et al. (2019).
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V.2 Objectives

This project aim was to study and understand the role of the protein MutS from
the Mismatch Repair mechanism in B. subtilis organisms in the regulation of the
integration of non-homologous DNA during the transformation mechanism.

The objectives set were:

7) To understand the activity of the B. subtilis recombination machinery with
the integration of non-homologous DNA.

8) To comprehend the role of B. subtilis MutS with the integration of non-
homologous DNA.

9) To produce a model on the transformation mechanism of B. subtilis
incorporating the Mismatch repair proteins.
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V.3 Material and Methods

IVV.3.1 Protein and DNA purification

The proteins RecA, RecO, SsbA, MutS and DNA molecules were purified and
subsequently biochemically analysed by Dr. Begofia Carrasco and Dr. Ester
Serrano from Prof. Juan Carlos Alonso’s laboratory (Centro Nacional de
Biotecnologia, Spain) following the “Material and Methods” corresponding section
on Carrasco, et al. (2019).

IV.3.2 Sample preparation and image acquisition for Atomic
Force Microscopy

DNA-Protein sample preparation for air image acquisition

Samples for the study of the incorporation of a circular single-strand DNA into a
linear double-strand DNA were firstly prepared by Dr. Begofia Carrasco and Dr.
Ester Serrano. The ssDNA, 10 mM in nucleotide concentration, was preincubated
with SsbA and RecO in buffer A (50 mM Tris-HCI pH 7.5, 1 mM DTT, 50 mM
NaCl, 10 mM MgOAc, 50 mg/ml BSA, 5 % glycerol) with an additional 5 mM ATP
for 5 min at 37 °C. Then, the dsDNA (20 mM in nt), RecA and MutS were added
to the reaction and incubated for 60 min at 37 °C. A (d)ATP regeneration system,
8 units/ml creatine phosphokinase and 8 mM phosphocreatine, was included in all
recombination reactions. After incubation, samples were deproteinised and
fractionated by 0.8% agarose gel electrophoresis with ethidium bromide [Ayora, et
al. (2002)].

The purified and deproteinised DNA recombination reaction was further diluted in
buffer A, 1000-fold. The diluted reaction was deposited onto freshly cleaved mica
and incubated for 30 s. Then, the surface was thoroughly washed with 3 ml of
Milli-Q water and dried under constant nitrogen air flow [Lyubchenko, et al.
(2009)].

AFM image acquisition conditions

From chapter 11.3.1.3: Images were obtained using a Nanotec Electronica S.L.
Atomic Force Microscope using the amplitude modulation (tapping) mode unless
stated otherwise. Air sample images were obtained at room temperature and
humidity at a rate of 1.48 lines per second and 512 lines per image and pixels per
line, 346 second per image. The cantilevers utilized were PPP-NCH
(Nanosensors, Switzerland).
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Image processing was performed following the method presented on chapter
11.3.1.4.

IVV.3.3 Control Samples

A base of control samples is key for the characterization of DNA-protein
interaction processes. In this project, the Atomic Force Microscopy samples were
purified and deproteinised. Thus, only final reaction products of single-strand DNA
and double-strand DNA were characterized on AFM images. The reaction
proteins RecA, RecO, MutS and SsbA are not present due to the deproteinisation
step. As control, initial DNA reactants were characterized under the AFM by
contour length, volume and molecular species analysis.

Linear double-strand DNA molecules were incubated and deposited onto a mica
surface following the methods for DNA-Protein sample preparation without adding
any protein. The control revealed a homogenous sample of linear polymeric rods
deposited on a flat surface [Figure IV-3 A]. As expected for a stochastic
population distribution with independent variables (Central limit theorem), the
population of DNA contour lengths follows a Normal distribution pattern with a
unique peak centred around the expected contour length [Sanchez-Seuvilla, et al.
(2002)]. The DNA length in base pairs can be inferred from the measured contour
length. Previous studies show a relation of 3.02-3.39 A per base-pair for dsDNA
deposited with Mg?* on a mica surface [Rivetti, et al. (1996); Rivetti and Codeluppi
(2001); Fang, et al. (1999)]. The crystallographic length for B-DNA obtained by X-
ray diffraction data is 3.4 A per bp [Wing, et al. (1980)]. From the Atomic Force
Microscopy analysis the extracted contour length for the 3276 bp DNA is 1040
nm, or around 3100 bp [Figure V-4 A].
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Figure IV-3. Images of Atomic Force Microscopy control samples.
A) Images of the 3276 base pairs linear dsDNA. B) Images of the 3353 base pairs circular SSDNA.
C) Images of the homologous dsDNA and ssDNA sample. D) Images of the non-homologous
dsDNA and ssDNA sample. Scale bar 400 nm.

Single-strand DNA circular molecules were incubated and deposited onto a mica
surface following the methods for DNA-Protein sample preparation without adding
any protein. The control showed a homogenous sample of condensed masses
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deposited onto a mica surface [Figure 1V-3 B]. Contrary to double-strand DNA, the
single-strand DNA molecules are not elongated when deposited on a mica
surface with Mg?* as the molecule is more flexible [Hamon, et al. (2007)]. Contour
length population could not be extracted from the Atomic Force Microscopy
images. As solution, the volume of the ssDNA molecules is compared to the
volume of a piece of dsDNA. The volume relation can be correlated to the ssSDNA
base-pair length [Fuentes-Perez, et al. (2013)] [Equation 3]. Applying Equation 3
to the resulting ssDNA volume showed in Figure IV-4 B results in 2900 base-pair
content for a 3276 bp ssDNA.

VssDNA

= KxLSSDNA +C

Vaispna Equation 3

Equation 3. Relation between the volume of a single-strand DNA molecule and the
reference volume of a double-strand DNA molecule.
K=7.6£0.1 x103 nt 1. C=0.31%0.09. Lssona length in base-pairs of a SSDNA molecule. Equation
from Fuentes-Perez, et al. (2013).

Next, a control sample was done by incubation of circular single-strand DNA with
a homologous linear double-strand DNA following the methods for the DNA-
protein sample preparation without adding any protein. Images acquired showed
presence of linear rod-like molecules, dsDNA, and aggregated masses, ssSDNA
[Figure 1V-3 C]. As expected, there was no interaction among both DNA species
neither strand exchange events, appearance of circular dsSDNA molecular.

Lastly, a control sample of non-homologous circular single-strand DNA and linear
double-strand DNA was incubated following the methods for the DNA-protein
sample preparation. Images obtained were similar to the other control samples
[Figure IV-3 D]. As predicted, no strand exchange between non-homologous DNA
molecules occurred in the presence of proteins.
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Figure IV-4. Histograms of molecule populations for the double-strand DNA and the single-
strand DNA control samples.

A) Contour length histogram of dsDNA molecules centred at 1040+60 nm. B) Volume histogram of

SSDNA with dsDNA volume as reference. Normal distribution centred at 21+1.
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V.4 Results

IV.4.1 A heterologous section in a single-strand DNA delays
strand exchange

In absence of the Mismatch Repair proteins, RecA-mediated strand exchange
regulates interspecies conjugation [Rayssiguier, Dohet et al. (1991)]. The
currently establish mechanism proposes the formation of a RecA filament onto an
exogenous single-strand DNA molecule. The RecA-DNA filament recognizes a
homologous sequence on the organism double-strand DNA. In this model, the
initial role of the protein RecA is to bind and stabilize an exogenous ssDNA piece.
Then, the RecA-ssDNA filament invades a homology region of a dsDNA by
promoting the opening and binding of the RecA-ssDNA to the homologous strand
[Yadav, et al. (2014)].

In naturally competent bacteria, the RecA-mediated mechanism requires auxiliary
proteins. The auxiliary proteins stabilize single-strand DNA intermediates and
increase the binding rate and formation of the RecA filament. With sufficient time,
incubation of RecA, the auxiliary proteins, circular ssDNA and linear dsDNA carry
out strand exchange of homologous DNA molecules. The result of the strand
exchange reaction is an accumulation of circular dsDNA, composed of a circular
strand and a linear strand, and linear ssDNA molecules [Carrasco, Yadav et al.
(2015)]. However, increasing sequence divergence decreases the rate of
completed strand-exchange events [Carrasco, et al. (2016)]. The incomplete
products are composed of an integrated part of the circular ssDNA into an
otherwise linear dsDNA.

To corroborate the effect of the sequence divergence, a dsDNA with a 77 base-
pair heterologous near the 3’ end was produced. The 77 bp region is located 427
bp from the 3’ end and contains 10 bp mismatches. Incomplete strand-exchange
molecules require a 300-400 bp homology region. Hence, the 427 bp located
between the 3' DNA end and the heterelogous region. For a 25 min reaction time,
the Atomic Force Microscope images revealed the presence of ssDNA, linear
dsDNA, circular dsDNA and intermediate molecules [Figure 1V-5 A 1-4]. As B.
subtilis RecA-mediated strand-exchange originates from the 3" or the 5’ end
independently, some aggregated molecules were found. The aggregated
molecules are the result of two reaction events occurring on both ends of the
same linear dsDNA molecule [Figure V-5 A 5]. Nevertheless, longer reaction
periods were reported to accumulate circular dsSDNA molecules [Carrasco, et al.
(2019)].
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Figure IV-5. Quantification and analysis of reaction species from AFM.
A) Classification of DNA molecules from RecA-mediated strand-exchange reaction; 1) ssDNA, 2)
linear dsDNA, 3) intermediate molecule with single-strand and double-strand DNA, 4) circular
dsDNA and 5) DNA molecule formed with by aggregation. B) Big field-of-view images of strand-
exchange reaction. C) Population graph for the 5 DNA species. AFM images scale bar 200 nm.
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IV.4.2 MutS promotes strand exchange of RecA filaments in
the presence of a heterologous section

In presence of the Mismatch Repair proteins, RecA-mediated strand-exchange of
divergent DNA molecules is inhibited. In organisms as E. coli, presence of MutS
and MutL proteins inhibits the integration of exogenous DNA [Worth, et al. (1994);
Calmann, et al. (2005)]. MutS and MutL are early stage MMR mechanism
proteins. These proteins are thought to detect mismatched regions signalling the
defect for further repair.

Contrary to E. coli 3-end strand invasion, RecA-mediated strand-exchange
reaction initiates from the 3" or 5 DNA ends in B. subtilis [Carrasco, et al. (2016)].
The lack of directionality at the initiation step of the strand-exchange process in B.
subtilis introduces an uncertainty for the Mismatch Repair proteins. Research
studies on B. subtilis detected an influence of the Mismatch Repair proteins on
the initiation of the strand-exchange mechanism of homologous DNA molecules.
However, D-loop formation is not affected by neither MutS nor MutL [Tham, et al.
(2016)].

The role of the “proofreading” proteins MutS and MutL remains unclear in B.
subtilis. To understand the effect of B. subtilis MutS protein on the strand-
exchange mechanism, the previously presented analysis was repeated in the
presence of MutS. A heterologous double-strand DNA molecule was incubated
with a single-strand DNA in the presence of the strand-exchange proteins and
MutS. The Atomic Force Microscopy images show a strong occurrence of circular
dsDNA molecules [Figure IV-6 A]. In comparison, the results from the same
reaction without MutS protein reveal an increase in the amount of circular dsDNA.
Without MutS, 12% of molecules are circular dsDNA. With MutS, 35% of the
molecules analysed are circular dsDNA [Figure IV-6 B]. The increasing value of
circular dsDNA and the associated decrease in intermediate species suggest an
activation or catalysis of the strand-exchange reaction by MutS.
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A 1 heterologous region DNA with MutS

Counts (molecules)

ssDNA linear inter. cirCL'JIar agg.
dsDNA dsDNA

Figure IV-6. Image and quantification analysis of RecA-mediated strand-exchange with
MutS protein.
A) AFM big field-of-view images of the final reaction products. B) Population graph for the 5 DNA
species. AFM images scale bar 200 nm.

The hypothesis presented for the activation of the strand-exchange mechanism in
presence of MutS were:

1) MutS impedes the interaction and subsequently stabilizes the RecA-DNA
filaments around the heterologous section.

2) Co-purification of a nuclease protein together with MutS could act on the
heterologous region removing it.

3) The MutS-DNA complex directs the RecA-DNA filament formation beyond
the heterologous sequence.

4) MutS diffusion around the heterologous region might destabilize RecA-
DNA filament formation on the 3’ end and thus favouring the formation on
the homologous 5’ end.
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IV.4.3 Heterologous sections on 3” and 5’ ends block strand
exchange

To assess the different hypothesis, a DNA molecule was purified with two
heterelogous regions on both the 3" and 5’-ends. The heterology comprises two
77 base-pairs regions located at 427 and 3271 bp from the 3’ end. The
heterologous regions have 10 mismatches. The 5’-end heterology is located near
the DNA-end impeding the formation of intermediate molecules at this position.
To corroborate the correct purification and insertion of the two heterologous
regions, a control sample without MutS was analysed. The Atomic Force
Microscopy images reveal a decrease in circular DNA molecules. In contrast to
the DNA-protein sample prepared with only one heterologous region, the
percentage of circular DNA molecules decreases from 12% to 1% [Figure IV-7].
This result suggests a further decrease in strand-exchange activity in the
presence of two heterologous regions.

A 2 heterologous

region DNA without MutS
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ssDNA linear inter. circular  agg.
dsDNA dsDNA

Figure IV-7. Image and quantification analysis of double heterology DNA strand-exchange.
A) AFM big field-of-view images of the final reaction products. B) Population graph for the 5 DNA
species. AFM images scale bar 200 nm.
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The double heterologous region blocks the strand-exchange mechanism.
However, in the presence of MutS the percentage of circular double-strand DNA
molecules could increase, similar to Figure V-6 B.

The analysis of the species population variation present in a double heterologous
DNA-MutS sample compared to previous samples correlates with the different
hypothesis in the following way:

1) The RecA-DNA filament would overcome the heterologous region on both
the 3’ and 5" ends resulting in similar levels of circular double-strand DNA
molecules as in Figure IV-6 B.

2) The nuclease enzyme might act onto the 3’ end, the 5’ end or both
resulting in an increase in either intermediate molecules or circular
dsDNA molecules with respect to Figure IV-7 B.

3) RecA would bind to the single-strand DNA molecule beyond the
heterelogous region with a similar effect to one presented in 1).

4) MutS diffusion on the 3’ and 5" end would destabilize the formation of the
RecA-DNA filaments. MutS diffusion blocks the strand-exchange reaction
resulting in a similar or lower value of circular dSDNA with respect to
Figure IV-7 B.
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0 ssDNA linear inter. circular agg.
dsDNA dsDNA

Figure IV-8. Image and quantification analysis of double heterology DNA strand-exchange
with MutS.
A) AFM big field-of-view images of the final reaction products. B) Population graph for the 5 DNA
species. AFM images scale bar 200 nm.

The Atomic Force Microscopy species population presented in Figure 1V-8 B have
a marginal difference for circular dsDNA population compared to Figure IV-7 B
case. This suggests that the number of molecules that complete the strand-
exchange process in these conditions is low. Therefore, double heterologous
regions at the 3’ and 5’-ends devoid the system of any strand-exchange activity in
presence or absence of MutS. However, a slight increase in intermediate
molecules is in concordance with a possible spontaneous branch migration
increase.

To further validate this hypothesis, the shape and size of intermediate products
was also evaluated. The intermediate molecules from the strand-exchange
reaction are divided into 3 species. Early products have a joined intersection
between the linear and the circular DNA of less than 427 bp, position were one
heterology is located [Figure IV-9 A1]. Intermediate products have linear and
circular DNA with similar occupancy [Figure IV-9 A2]. Near-final products have a
circular double-strand DNA attached to a single-strand DNA [Figure V-9 A3].
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Figure IV-9. Atomic Force Microscopy images and quantification of intermediate products
for the MutS-RecA reaction.
A) AFM images of intermediate products; 1) early stage linear dsDNA with less than 427 bp
interaction region, 2) intermediate product with approximately half and half linear-circular dsDNA,
and 3) near-final product of circular dsDNA with a piece of sSDNA bound. B) Quantification of
intermediate species in a MutS RecA-mediated strand-exchange reaction. Scale bar 200 nm.
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IV.5 Discussion

During this project, we have analysed the role of MutS in the strand-exchange
mechanism of B. subtilis in vitro. RecA-mediated strand-exchange is known to
have a decrease in efficiency with increasing sequence divergence. Moreover,
MutS was expected to have an inhibitory role in heterologous DNA strand-
exchange. In this chapter, we have observed the effect of MutS in the strand-
exchange process between divergent DNA molecules with Atomic Force
Microscopy. To understand the influence of MutS we have considered the final
reaction products of a three-strand exchange process. The three-strand exchange
reaction is performed either with a single or a double 77 bp heterologous region
DNA molecule and B. subtilis purified proteins.

25 min reaction percentage of species (%)
H Side | ool o
rezti?)rr?slogous Muts | sirand strand Inter. strand Agg.
DNA DNA DNA
1(3) - 20 26 34 12 8
1(3) + 18 18 24 35 5
2 (3+5) - 28 32 32 2 5
2 (3'+5) + 26 22 44 2 6

Table 3. Percentage of species quantified by Atomic Force Microscopy image.
Table representing the species quantified in percentage for the 4 different samples tested.
Molecular species are: single strand-DNA, linear double-strand DNA, intermediate species,
circular double-strand DNA and aggregates of molecules.

Without MutS, results reveal that a 77 bp region near the 3' end with ~16%
sequence divergence delays the formation of final reaction products. In this case,
a complete reaction took 60 min to reach the same recombination yield as a 20
min homologous strand-exchange. Atomic Force Microscopy images of a 25 min
incubation reaction reveal a low percentage of final reaction products [Table 3].
This result suggests a possible slow formation of RecA-DNA filaments from the 5'-
end with accumulation of early-stage intermediates assembled at the 3'-end.
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Surprisingly, incorporation of MutS on the process increased the reaction yield in
a 25 min reaction. Fast formation of final reaction products with low accumulation
of intermediate molecules correlates with a modulating MutS activity around
mismatched regions [Figure IV-6]. In Carrasco, et al. (2019), we have proposed
that stabilization of mismatched regions by MutS destabilizes the assembly of the
RecA-DNA filaments. Specifically in this situation, binding of MutS to the 77 bp
heterologous region near the 3’ end catalyses depolymerisation of the Rec-DNA
filament at the 3'-end of the DNA molecule increasing the rate of polymerisation at
the 5’-end [Figure 1V-10].

To assess and confirm this hypothesis we acquired Atomic Force Microscopy
images of similar strand-exchange reactions with a two 77 bp heterologous
regions DNA. This DNA molecule contains mismatched regions near the 3'-end
and at the 5-end. Without MutS, the analysis of molecular species on AFM
images shows low percentage of final products at 25 min [Table 3]. Biochemical
analysis for 60 min reactions also show a low formation of final products. As
expected, impossibility to bind through the 5’ end and a small region at the 3’ end
blocks the invasion of the homologous region on the double-strand DNA by RecA.
With MutS, the reaction yield was maintained. However, the presence of a higher
percentage of intermediate species was unexpected [Table 3]. With further
analysis on the intermediate species we proposed a spontaneous branch
migration as solution. The assembly of, mainly, early-stage intermediate species
initiates from the 3’-end and it is stabilized by interaction between the circular
single-strand DNA and the linear dsDNA on a sequence of around 400 bp.
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Figure IV-10. Proposed model for the RecA-mediated MutS modulated strand-exchange
reaction in B. subtilis.
A) Model proposed and expected yields for the strand-exchange process of a three-strand
exchange reaction with 1 heterologous region. B) Model proposed and expected yields for the
strand-exchange process of a three-strand exchange reaction with 2 heterologous regions.

The Atomic Force Microscopy images, the population analysis of species and the
biochemical analysis presented in Carrasco, et al. (2019) are adequate for the
elaboration a model on the RecA-mediated MutS-modulated strand-exchange
mechanism. In this model, a circular single-strand DNA molecule is first stabilized
by the union to SsbA and RecO. The union of SsbA and RecO to the ssDNA
supports the formation of a RecA-DNA filament. The RecA protein DNA binding
domains along the RecA-DNA filament detect the homologous regions on a linear
double-strand DNA [Kurumizaka, et al. (1996)]. The strand invasion step
preferentially initiates from the 3’-end on the linear dsDNA with a lower efficiency
for the 5 end. Mismatches on any of the linear DNA-ends stops the strand-
exchange step. MutS modulates the assembly of the RecA-DNA filament by
binding to the mismatched regions. With one mismatched region, MutS directs
RecA beyond the heterology. However, two mismatched regions inhibit the
reaction in the presence of MutS [Figure [V-10].
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V. SUMMARY

The scientific content of this thesis is focused on the application of the single
molecule technique referred as Atomic Force Microscope, however, the three
biological processes presented are widely different. Nonetheless, these
processes are interconnected by a strong connection in DNA modification. To
ease the reader’s tedium this section summarises some common or confusing
points discussed through the thesis before the conclusions section.

“First, you have to finish’- Michael Schumacher, Seven-time Formula 1 World
Champion with Benetton and Ferrari.
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In this thesis we have applied the Atomic Force Microscope on the study of the
role of some proteins involved in three biological processes related to DNA
preservation and repair. In Figure V-1 the DNA molecules employed are
summarised and categorized.

Base pairs DNA reference
508 508bp ParS
o
1490 7 ParS ParsS cluster
[
2114 13 ParS
[ ]
2124 no ParS
\ /
- v
Partition systems type |
352 tubC
(I
866 CPRZ
L E— mmm (ubC centromere region
907 NPDC == TubR encoding region
(—— | 1 Non-encoding region
977 RCPR
(— = u
2010 C-ST
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547+22 Fork DNA for CtIP Single stranded DNA
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\= =7
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Homologous Recombination
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3276 circular single-stranded DNA
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Mismatch Repair

Figure V-1. DNA molecules presented in the thesis.
DNA molecules used for the Atomic Force Microscopy experiments presented in this thesis. The
molecules are categorized based on the research project for which they were used. The
molecules are not to scale and the regions signalled with coloured bars are estimated positions.
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The partition systems are composed of a group of proteins and DNA sequences
with the role of successfully segregate the DNA during cellular division. The study
of the centromere-binding protein of three organisms, B. subtilis, C. crescentus
and C. botulinum, revealed differences in the binding mechanism and subsequent
segrosome structure required for the recognition of the DNA molecule by the
motor protein. In addition, the Atomic Force Microscope was applied to study the
polymerisation process of the motor protein from the C. botulinum organism.

A Type la

C. crescentus

The centromere binding
protein produced extrusions
and looped structures on a
DNA molecule with the cen-
tromere sequence.

B. subtilis

§ A mutation of the centromere
. binding protein able to bind to
unspecific DNA produced
wool ball-like structures on a
DNA molecule.

s C. botulinum

il The centromere  binding
i protein  produced  looped
structures localized on the
fll centromere sequence on a
DNA molecule.

C. botulinum

The GTPase motor protein
polymerised onto filamentous
structures depending on the
content of GTP-GDP species.

Figure V-2. Partition systems images obtained with Atomic Force Microscoopy.
Images obtained from the partition systems proteins and DNA molecules. A) Secondary structures
observed in a sample of the centromere-binding protein of C. crescentus and DNA. Coloured
arrows point the position of secondary structures. Scale bar 200 nm. B) Secondary structures
observed in a sample of the centromere-binding protein of B. subtilis and DNA. Scale bar 500 nm.
C) Secondary structures observed in a sample of the centromere-binding protein of C- botulinum
and DNA. Coloured arrows point the position of secondary structures. Scale bar 200 nm. D)
Filamentous structure formed by the polymerisation of the motor protein from C. botulinum
organisms. Scale bar 800 nm.
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The Homologous Recombination is a repair mechanism for the Double-Strand
Breaks on DNA molecules. The role of the proteins responsible for the detection
and signalling is thought to be crucial for a successful DNA repair. The study of
the DNA-binding protein, CtIP, and helicase/nuclease protein, Dna2, from H.
sapiens and G. stearothermophilus respectively shed light on the role of both
protein and their mechanisms of action.

A CtIP model

¢
n @ q//\//V\//\ CtIP protein
- The DNA-binding protein

displayed various confor-

M mation when imaged by an
Atomic Force Microscope.

B ]

B ctIP bridging DNA
—

CtIP bridging DNA

Incubation of the protein CtIP and DNA
molecules with small single-strand
¥ overhangs revealed long complex
molecules of DNA and CtIP.

C Dna2

The helicase/nuclease protein
incubated with a DNA molecule contai-
ning a small single-strand flap is able to
remain attached to the DNA while
stabilizing a looped structure.

Figure V-3. Homologous Recombination images obtained with Atomic Force Microscopy.
Images obtained from the Homologous Recombination proteins CtIP and Dna2. A) Images
acquired of CtIP proteins and the structural model. Scale bar 25 nm. B) Images of long DNA-CtIP
complexes formed by a bridging of the DNA molecules through interaction with CtIP. Scale bar
100 nm. C) Images of Dna2 proteins tightly bound to DNA molecules and stabilizing loops possibly
formed during the opening of the DNA double-helix. Scale bar 40 nm.
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The DNA mismatch repair is a mechanism for the detection and repair of
erroneous bases inserted in a DNA molecule. However, the proteins of this
mechanism are thought to be involved in the regulation of the mutation rate of an
organism. The presence or absence of the protein MutS from B. subtilis in a DNA-
strand exchange reaction regulated the insertion of the exogenous single-
stranded DNA into the double-stranded DNA molecule.

A

Strand-exchange

Strand-exchange without MutS

The absence of MutS on a strand-
exchange reaction with 1 heterelogous
region DNA molecules resulted in
non-final products or absence of
circular DNA molecules.

Strand-exchange with MutS

The presence of MutS on a strand-
exchange reaction with 1 heterologous
region DNA molecules resulted in a
45% of circular DNA molecules or final
products.

C

Strand-exchange with 2 heterologous
regions DNA molecules

The presence of MutS on a strand-
exchange reaction with 2 heterologous
regions DNA molecules resulted in a
decrease of final products.

25 % r‘{ = k'.

Figure V-4. DNA mismatch repair images obtained with Atomic Force Microscopy.
Images obtained of a strand-exchange reaction with Atomic Force Microscope. A) Non-circular
DNA molecules product of the incubation of a linear double-stranded and a circular single-strand
DNA molecule in presence of RecA and other co-proteins. Scale bar 200 nm. B) Similar reaction
to A) in presence of MutS. Scale bar 200 nm. C) Similar reaction to B) but with more heterologous
DNAs. Scale bar 200 nm.
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Conclusions

V1. CONCLUSIONS

In this thesis | have applied the Atomic Force Microscope on the study of proteins
involved in three biological processes of DNA preservation and repair. The
processes are plasmid partitioning, homologous recombination and DNA
mismatch repair. All the samples prepared and data acquired throughout the
process of conclusion of this thesis were analysed in the best found conditions for
the preservation and acquisition of reliable information. The main conclusions
derived from the material presented are divided according to the three processes.

“—=Je 13" - Japanese proverb used for reflecting the unkwnon character of
the time to come.
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Plasmid Partition Systems:

The plasmid partition projects were centered on the study of the interaction of a
Centromere-Binding Protein of various organism with DNA molecules. The
formation of a stable protein-DNA complex, segrosome, is described as being
involved in the correct organisation and segregation of DNA during cellular
division by subsequent recognition and binding to a motor-protein. In this study,
we have characterized the formation of the segrosome complexes of B. subtilis,
C. crescentus and C. botulinum by Atomic Force Microscope.

The summarized conclusions of the second chapter are:

e B. subtilis Centromere-Binding Protein, ParB, non-specific binding to DNA
results in “wool ball-like” DNA condensed molecules. The organisation of
DNA molecules by the interaction with ParB is not affected by the
presence or absence of the centromere sequence. However, the mutation
of a key amino-acid, R80A, responsible for protein dimerization impedes
the DNA condensation.

e (. crescentus ParB interacts with DNA molecules forming secondary
structures as a result. These secondary structures appear in DNA
molecules with B. subtilis centromere sequence, parS. The results
suggest a formation of a filament or a closed structure of DNA by protein
multimerization similar to, but less active than, B. subtilis ParB.

e C. botulinum TubR interacts with DNA by bending the molecule into a one
or two ring-like structures. The size and position of these structures is
correlated to the location of the C. botulinum centromere sequence, tubC,
and possibly the promoter region of TubR.

e C. botulinum motor-protein, TubZ, forms tubulin-like filament structures.
The necessity of hydrolysable GTP molecules in solution and the role of
the C-terminal domain of the protein revealed the polymerisation-
depolymerisation mechanism of this protein. The TubZ filaments are
stabilized by GTP-caps at the ends. Hydrolysis of the GTP lead to
depolymerisation. This mechanism of polymer formation is kwon as
“treadmilling”.

e Additionally, the size and shape of the filaments suggest a direct
interaction of the motor-protein with the ring-like structures of TubR with
DNA. The structure formed by the union of the segrosome, TubR-DNA,
with the filaments, TubZ, is responsible for the partitioning of plasmidic
material inside the cell.

Homologous Recombination:
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CtIP and Dna2 are two proteins involved in the initiation steps of the Homologous
Recombination repair mechanism of DNA Double-Strand Breaks. The step
consists of a short-resection of the damaged DNA-ends by the MRN complex in
concordance with CtIP and a long-resection by Dna2. However, the mechanism of
resection and cooperation between proteins was not known. Here we have
studied the domain organisation and role of the Homo sapiens CtIP and of
Geobacillus stearothermophilus Dna2 with Atomic Force Microscope.

The summarized conclusions of the third chapter are:

Human protein CtIP forms a stable tetramer in solution with a “Dumbbell”
shape. The characterization of CtIP by Atomic Force Microscope reveal
the formation of monomers, dimers and tetramers with distinct shapes.

Atomic Force Microscopy molecular species of CtIP displayed a flexible
organisation with variable sizes. Further analysis with High-Speed Atomic
Force Microscopy confirmed the flexibility of the “tail” domains with
relation to the globular domains. Under High-Speed, the molecular
species were seen as interchangeable species in some cases.

Incubation of Human CtIP with non-canonical DNA molecules reveal the
formation of DNA-protein complex structures. The presence of Wild-type
or dephosphorylated CtIP increased the percentage of complex
molecules while mutations on the C- or N-terminal domains decreased
them.

The DNA-CtIP complex structures are in concordance with DNA-joined
molecules by the C-terminal domains of a CtIP tetramer. The formation
and stabilization of the joined DNA-ends is a key step in the short-
resection reaction.

Geobacillus stearothermophilus Dna2 is a helicase/nuclease protein
involved in the long-resection reaction of Homologous Recombination.
The helicase activity of Dna2 may be regulated by the binding of Dna2 to
both DNA-strands. The Dna2 proteins tightly bound to DNA molecules
with looped structures nearby suggest that the rehybridisation of the
single-stranded DNA happened but the protein did not detach from the
DNA molecule possibly by being bound to both DNA strands.
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DNA Mismatch Repair:

The “proofreading” mechanism of the DNA molecules in cellular organism is
known for the detection and repair of mismatch lesions. However, natural
competent bacteria can assimilate exogenous DNA molecules from the media
surrounding them. The regulation and activity of the “proofreading” mechanisms
in these cases is not totally understood. In this project we have studied the effect
of the protein MutS of the Mismatch repair mechanism in the regulation of DNA
assimilation in B. subtilis.

The summarized conclusions of the fourth chapter are:

e The formation of a stable complex formed of single-strand DNA and B.
subtilis RecA is responsible for the assimilation of the exogenous single-
strand DNA. The complex detects a homologous region around the
double-strand DNA molecule of the bacteria and exchanges one of the
strands. The resulting molecule has base mismatches at heterologous
regions.

e The presence of B. subtilis MutS at the moment of the strand-exchange
reaction destabilizes the formation of the RecA-ssDNA and dsDNA D-
loop at the heterologous region. However, the presence of a minor
heterologous region does not impede the integration of the exogenous
ssDNA from other homologous region.

¢ In the presence of B. subtilis MutS and various heterologous regions the
formation of the RecA-ssDNA filament is still disturbed at the
heterologous regions. Thus, the strand-exchange reaction is blocked by
the presence of MutS at various heterologous regions by the impossibility
to form a D-loop at a homologous position between the RecA-ssDNA
comples and the dsDNA.
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VI1l. CONCLUSIONES

En este trabajo de tesis he tenido la oportunidad de estudiar tres procesos
biolégicos empleando el microscopio de fuerzas atémicas. Los procesos
biolégicos estudiados se centran en la reparacion (recombinacién homéloga y
reparacion de errores de emparejamiento) y mantenimiento de ADN (sistemas de
particion, dentro de una célula). Todas las muestras preparadas y datos
obtenidos durante este trabajo de tesis han sido analizados en las mejores
condiciones para la conservacion de las moléculas involucradas. Las
conclusiones mostradas a continuacion estan divididas en concordancia con los
tres procesos estudiados.
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Sistemas de particion de plasmidos:

Los proyectos de investigacion realizados en los sistemas de particion se han
centrado en el estudio de la proteina de unién a region centromerica de cada de
ellos. La formacion de un complejo estable de ADN y proteina, segrosoma, es un
paso clave en el proceso de organizacion y segregacion del ADN durante la
division celular. Este complejo es reconocido por la proteina motora y actia como
centro de segregacion del ADN. En este capitulo he estudiado la formacion del
segrosoma en los organismos B. subtilis, C. crescentus 'y C. botulinum mediante
un microscopio de fuerzas atomicas.

El resumen de las conclusiones obtenidas en el segundo capitulo de esta tesis
es:

e La unidn no especifica de la proteina de unidn a regidén centromerica de
B. subtilis, ParB, a una molécula de ADN da como resultados estructuras
complejas con forma de “bola de lana”. La formacién de estas estructuras
de interaccion ADN-proteina es independiente de la presencia de la
secuencia centromerica. Sin embargo, la mutacion en el aminoacido 80,
R80A, crucial para la formacion de dimeros de proteina inhibe la
condensacion de ADN.

e ParB del organismo C. crescentus interacciona con moléculas de ADN
formando estructuras secundarias como resultado. Estas estructuras
aparecen con mayor frecuencia en moléculas de ADN con la regién
centromerica de B. subtilis. Estos resultados sugieren la formacion de un
filamento o estructura cerrada de ADN por multimerizacion de la proteina
alrededor del ADN, similar a pero menos condensado que las estructuras
formadas por ParB de B. subtilis.

e TubR de C. botulinum interacciona con ADN uniéndose y doblando la
molécula en una o dos estructuras con forma de anillo. El tamafio y
position de estas estructuras se correlaciona con la posicion de la region
centromerica de este organismo y posiblemente con la regién promotora
del gen de TubR.

e La proteina motora de C. botulinum, TubZ, forma estructuras poliméricas
con forma filamentosa parecida a los filamentos de tubulina. El estudio
del hidrélisis de GTP por el extremo C-terminal de la proteina revelo el
proceso de formacion de estos filamentos. Los polimeros estan
estabilizados por la presencia de tapones de GTP. Una vez que el GTP
se hidroliza el filamento se desestabiliza y despolimeriza. Este
mecanismo es conocido como “treadmilling”.
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e Por ultimo, el tamafio y forma de los filamentos de TubZ se correlacionan
con el tamafio y forma de las estructuras con forma de anillo formadas
por TubR en una molécula de ADN. En conjunto, los datos sugieren una
interaccidn directa de los filamentos de TubZ con los anillos de TubR-
DNA responsables por la segregacién de la molécula de ADN durante la
division celular.
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Recombinacion Homologa:

CtIP y Dna2 son dos proteinas involucradas en el inicio del mecanismo de
reparacion de roturas de doble-hebra de ADN conocido como Recombinacion
Homdloga. La Recombinacion Homéloga empieza por la reseccion corta de los
finales dafiados por el complejo de proteinas MRN en cooperacion con CtIP vy,
después, por la reseccion larga de los finales dafiados por Dna2. El rol especifico
de las proteinas en estos pasos no esta del todo desvelado. En esta tesis he
estudiado la conformacion y rol de la proteina CtIP de Homo sapiens y el rol de la
proteina Dna2 de Geobacillus stearothermophilus mediante la Microscopia de
Fuerzas Atomicas.

El resumen de las conclusiones obtenidas en este capitulo es:

e La protein CtIP humana forma un tetramero estable en solucién con
forma de “Dumbbell”. Las imégenes del Microscopio de Fuerzas
Atémicas revelaron las conformaciones de otras formas oligomericas
como los monémeros y los dimeros.

e Las especies moleculares de CtIP mostraron una gran flexibilidad con
tamanio variable. Andlisis de estas especies con un Microscopio de
Fuerzas Atémicas de alta velocidad confirmo la flexibilidad de la proteina
formada por dominios globulares unidos por estructuras flexibles.

e La union de la proteina a ADN con extremos no-candnicos mostro la
formacion de estructuras complejas de ADN y proteina. Con la proteina
salvaje o la variante defosforilada se aumentd la presencia de los
complejos de ADN proteina comparado con las variantes mutadas en los
extremos C- o N-.

e Los complejos de ADN y proteina sugieren una unién de la proteina por
el extremo C- un ADN. El tetramero de una proteina, por lo tanto, puede
unir moléculas de ADN uniéndose por extremos C- a diferentes
moléculas. La formacion y estabilizacion de estas uniones de ADN es un
paso clave de al Recombinacion Homéloga.

e Dna2 de Geobacillus stearothermophilus es una helicasa/nucleasa
involucrada en la reseccion larga de finales de ADN dafiados. La
actividad helicasa de Dna2 puede estar regulada por la unién de Dna2 a
las dos hebras de una molécula de ADN. La visualizacién de moléculas
de Dna2 fuertemente unidas a moléculas de doble-hebra de ADN vy la
presencia de estructuras circulares sugiere una union de la proteina a las
dos hebras del ADN.
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Reparacion de desajustes del AND:

El mecanismo de “correccion” de errores en organismos celulares esta
encargado de la deteccion y reparacion de desajustes de la doble-hebra de ADN.
Células naturalmente competentes pueden incorporar ADN exdgeno a su
genoma desde el medio que la envuelve. La regulacion y actividad del
mecanismo de correccion en estos casos no estd del todo desvelado. En este
proyecto se ha estudiado el rol de la proteina MutS de B.subtilis en la asimilacion
de ADN exogeno.

El resumen de las conclusiones obtenidas en este capitulo es:

e La formacién de un complejo estable de ADN y RecA de B. subtilis es
responsable por la asimilacién del ADN exogeno de cadena sencilla.
Este complejo detecta regiones de homologia en un ADN de hebra doble
e intercambia una hebra por la exdgena. La molécula resultada tiene
errores en las regiones desiguales.

e La presencia de MutS de B. subtilis durante el proceso antes descrito
desestabiliza la union del complejo RecA-AND al ADN de hebra doble en
zonas desiguales. La presencia de regiones desiguales pequefias no
impide el intercambio completo de hebras.

e En presencia de varias regiones desiguales la unifion del complejo RecA-
ADN exogeno al ADN de hebra doble se ve perturbada y puede llegar a
bloquear la integracion del ADN exogeno.
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VI1ll. FUTURE PERSPECTIVES

The research work performed in this thesis encompasses in three biological
processes. Although, some of these studies were a continuation of from previous
research projects performed at Fernando Moreno’s laboratory (Geobacillus Dna2,
B.subtilis ParB, C. botulinum TubZ), others were the beginning of new research
lines (Homo sapiens CtIP, C.crescentus ParB, B. subtilis MutS, C. botulinum
TubR). Thus, the research presented in this dissertation is not finished and may
be completed from future research projects.

“Your future hasn’'t been writen yet, noones has, your future is whatever you
make it. So make it a good one.”- Dr. Emmet Brown, built a time-machine into a
DMC Delorean
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The research projects of Geobacillus Dna2, B. subtilis ParB and C. botulinum
TubZ were continued from previous research studies performed by Dr. Carolina
Carrasco, Dr. Cesar Lopez-Pastrana and Dr. Maria Eugenia Fuentes-Perez. The
knowledge acquired by them was of importance for adapting the projects to the
study with Atomic Force Microscope. Specially, B. subtilis ParB was my first
project with the Atomic Force Microscope and other biochemical techniques such
as EMSA and ATPase assays. The knowledge passed from Dr. Cesar Lopez and
Dr. Gemma Fisher to myself paved the way for the plasmid partition system
studies and served as a biological learning platform. The knowledge provided in
this thesis may serve as platform for the continuation or initiation of other
research studies or projects.

The Atomic Force Microscope is a proven single-molecule technique. However,
the future of the technique must follow an ever-evolving state-of-the-art. As
described in the Introduction chapter, the full potential of the Atomic Force
Microscopes has not been yet attained. To complement the studies about
biological processes showed in the thesis, a combination of the Atomic Force
Microscopy with other Microscopy techniques with fluorescence or spectroscopy
capabilities is the way to go for the identification of specific proteins in complex
molecular complexes. As an alternative, to observe intermediate steps or fast
reaction mechanisms of biological processes is to adapt the recently used
Microscopes for faster acquisition time so to study these dynamic reactions.

The research projects of Homo sapiens CtIP, C. crescentus ParB, B. subtilis
MutS, C. botulinum TubR are not completely finished. These biological processes
are a complex set of reactions performed by specific groups of proteins. For CtIP,
the future of the project is to study the role of CtIP when combined with the MRN
complex in the short-resection or with Dna2 in the long-resection of DNA broken
molecules. For C. crescentus ParB, the project can be complemented with a more
in depth study on the C-terminal disparity with B. subtilis ParB and its role in DNA
condensation. Lastly, the C. botulinum TubR was a complement to the study done
for C. botulinum TubZ. However, the type I partition system has and additional
co-protein, TubY, thought to be a regulatory protein of TubZ.
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