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I N T R O D U C T I O N

In the last few decades, the constant development of novel single
molecule techniques has created the basis for new paradigms in the
field of biophysics. Among all, the nanomanipulation of individual
biomolecules revealed relevant insights into the mechanics of biologi-
cal molecules, in particular proteins and DNA, improving the under-
standing of the fundamental relation between structural properties
and biological functions. Therefore, several single-molecule nanoma-
nipulation methods have been developed, including Atomic Force
Microscopy (AFM), Magnetic Tweezers (MT) and Flow Stretching (F-
S) coupled with fluorescence. All these technique were employed in
this Thesis for the characterisation of biological macromolecules by
Single Molecule Force Spectroscopy (SMFS). Specifically, an AFM and
a MT setup, both located in the biomedical and biophysics laboratory
of Prof. Francesco Mantegazza, at the University of Milano-Bicocca,
were used in the first two projects, while another MT and a F-S cou-
pled with TIRF were employed at the Single-Molecule DNA-repair
nanomachines laboratory of Dott. Fernando Moreno-Herrero, at the
Spanish National Center of Biotechnology in Madrid.
In this Thesis I focus mainly on several aspects of few different pro-
teins trying to depict a frame in which the strong link between pro-
teins function and structure can be clarified. With this aim, I study
the conformational states of an intrinsically disordered protein (IDP)
involved in Parkinson’s Disease (PD), the α-synuclein, and I analyse
the structural change driving the DNA compaction mediated by a
structural maintenance protein, the condensin. Finally, I present a
structural study of a diamino-substituted DNA-analogue by using
thermal shifting assays and single molecule experiments. I include
also a technical implementation of a F-S combined with TIRF set up
to promote the high-speed exchange of buffer to study protein:DNA
interactions.

This thesis is divided into 6 main parts: the State of Art, the 4
projects and a final Summary. Each of those projects is, in its turn,
divided into 4 chapter: the Introduction, where the project is briefly
presented, the Materials and Methods, in which the details about the
investigated biological samples, the experimental procedures and the
data analysis are described. Then, in the Results chapters the main
findings are reported and, finally, in the Discussion part the results
are discussed and compared to the literature.

• In the first part of this thesis, State of Art, I present all the sin-
gle molecule techniques used in this work, both theoretically
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and experimentally as well as the biological macromolecules
under investigation. Firstly, the AFM setup is described, from
the operation principles, to the calibration procedures necessary
to perform the typical measurements. In particular, I focus on
the force spectroscopy mode, which was widely employed to
characterized the conformational structures of the AS protein.
I briefly explain the imaging mode as well, used during the
DNA analogue studies at zero force. Then, I present the MT
setup employed for both DNA-analogue studies and condensin
mediated DNA condensation. Finally, I describe the TIRF-based
flow stretching apparatus used in Madrid for the visualisation
of stretched DNA. In the Chapter 2, I briefly discuss the bi-
ology of proteins, focusing on their structure and function. I
present a concise review on the characteristics of intrinsically
disordered proteins and, in particular, the α-synuclein (AS) pro-
tein. I concentrate on the AS structure and its role in Parkinson
disease insurgence, including its genetic and pathological point
mutations. I present also the recent finding of structural rear-
rangements of the AS as a response to the presence of external
ligands. Finally, in the Chapter 3 I briefly present the biological
structure of the DNA and its interactions with structural main-
tenance chromosome complexes. I mainly focus on the models
of DNA compaction driven by the condensin complex.

• In the Depicting Conformational Ensembles of α-Synuclein by Sin-
gle Molecule Force Spectroscopy study, presented in the part II,
I afford the problem of AS structure classification by stretching
and unfolding a single polyprotein containing the human AS by
employing a SMFS approach. The analysis of the different un-
folding pathways gives information about the structural confor-
mation of the protein before the mechanical denaturation. The
AS was found to assume three distinct conformational states
ranging from a random coil to a highly structured conforma-
tion. Since ligands, such as Epigallocatechin-3-Gallate (EGCG)
and Dopamine (DA), are known to affect the fibrillation pro-
cess of AS, I used this single molecule technique to investigate
the effect of EGCG and DA on the conformational ensemble of
WT AS. Moreover, knowing from several studies that the pres-
ence of point mutations, linked to familial PD, correlate with
the gaining of structure and therefore with AS aggregation, I
performed SMFS studies also on AS with three different single
point mutations (A30P, A53T and E83A). A particular emphasis
was given to the comparison between SMFS results and native
mass spectrometry data for the conformational changes of AS
in the presence of both DA and EGCG.
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• In the following part (III), entitled Nanomechanical Characterisa-
tion of Diaminopurine-Substituted DNA, I discuss the nanome-
chanical characterization of a DNA analogue, namely DAP
DNA. A systematic comparison between a wild-type DNA and
DAP DNA is performed, in terms of thermal stability and
nanomechanical properties, measured at low and high forces.
By using both MT and AFM, the DNA extension and bending
rigidity were investigated at low forces while at high forces the
overstretching transition behavior was explored.

• In the part IV, Direct observation of Condensin mediated DNA-
collapsing, I present a single-molecule MT study to measure,
in real-time, the compaction of individual DNA molecules in-
duced by the condensin complex in the presence of ATP. Since
many compaction traces showed sudden distinct decreases in
the DNA end-to-end length, I present and validate two different
very conservative user-bias-independent step-finding algorithm
to extract the size of these compaction steps.

• In the part V, the DNA flow stretching coupled with single molecule
fluorescence implementation is presented. Briefly, several flow
cells were tested to achieve a fast buffer exchange in both MT
and F-S coupled with TIRF, in the frame of visualisation of
DNA:proteins interactions. We validated our flow cells in term
of boundary exchange and applied force. We also visualized
fluorescent DNA molecules stretched by the flow.

• Finally, I include a brief Summary to summarize all the findings
and the results obtained in all the projects presented here.

In addition, since, during my PhD, I was involved into several
works which are not directly connected with the force spectroscopy
of biomacromolecules, I include some of them in the Appendix A and
B.
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Part I

S TAT E O F A RT





1
B I O P H Y S I C S A N D S I N G L E M O L E C U L E

During the last tens years, the development of several optical tech-
niques combined with biology have completely changed the way to
approach the characterisation of the living world. The wide use of
advanced microscopy, often supported by a complementary fluores-
cence approach, has exponentially accelerated the understanding of
a great number of biologically relevant questions. In this perspective,
it has been essential a more strong interconnection among chemistry,
biology, physics and nanotechnology. The biophysics plays a promi-
nent role in this new field, using a physical approach applied to bio-
logical systems and biochemical reactions to reveal the forces and en-
ergies that drive the biological phenomena. Understanding the living
processes is very appealing for a biophysicist, both in the perspective
of a pure knowledge and of a new way to treat and prevent several
diseases.

1.1 single molecule

The development of several single molecule techniques have become
more and more popular among different fields: biology, biophysics,
chemistry, nanoscience and materials characterisation. These tech-
niques have the peculiar feature to focus on a single molecule, avoid-
ing all the problems arising from the use of bulk techniques.

As a matter of facts, even if the atomic model of matter has been
accepted since 200 years ago, until few tens of years ago the molecular
processes were still hardly accessible. In effect, the molecular scale is
too little to be investigated by standard techniques and too big for
being characterized by X-ray crystallography or other spectroscopy
techniques: molecules have been purified, broken and modified for
years, but nobody could analyse them directly and their properties
are extrapolated from a bulk of billions of average molecules. This
results in a loss of informations about properties which deviate too
far from the average: it has been impossible to have punctual analysis
of a single and specific molecule. In particular, forces involved in
the majority of the biological molecular scale processes, from cellular
motility to protein folding, are extremely difficult to be detected by
using bulk techniques.
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This problem has been overcame in the last 30 years by the devel-
opment of several single molecule (SM) techniques, including Optical
Tweezers (OT), Magnetic Tweezers (MT), Atomic Force Microscopy
(AFM) and Flow Stretching (F-S) as described in [10, 11, 12, 13]. The
power and resolution of these techniques are highlighted by the wide
variety of systems investigated: generally, the capability of single
molecules manipulation cover six orders of magnitude in both length
(10−10− 10−4m) and force (10−14− 10−8N). The time scales depends
on the great variety of the studied process, but usually are in the
range of 10−3 − 102s. Consequently, the energies involved are consid-
erably lower than the ones of the macroscale, being in the scale of the
thermal fluctuations (kBT ∼ 10−21J)1.

The typical SM force range permits the investigation of the elas-
ticity of biochemical polymers, as DNA or RNA, as well as it could
provide the measure of bond energies, lifetime and energy landscape
of a big variety of proteins [14, 15, 16, 17, 18, 19]. Moreover, the
SM techniques are capable of monitoring changes in extensions and
forces in the relevant scale with ms resolution, being the perfect tool
to address measurements on proteins unfolding and DNA:protein in-
teractions.

One of the most important aspects of single-molecule techniques
is that they do not suffer from the main problem which is typical of
ensemble measurement: rare phenomena, which in bulk techniques
can easily hidden by averaging, could be observed and analysed sep-
arately. This is particularly important in the study of heterogeneous
ensembles, such as the intrinsically disordered proteins families, or
to characterize the interactions of proteins with single DNA filaments.
By using a single molecule approach, the molecule itself could be the
real object of study and its properties could be monitored quantita-
tively as specific values, not averaging from millions of molecules as
happens in the standard bulk biophysics techniques.

In this Thesis three of this force spectroscopy techniques have been
used, probing the versatility of the SM approach to unravel different
biological processes at the single molecule level. In particular, (1) the
AFM was used to probe the conformational changes of an intrinsi-
cally disordered protein, the α-synuclein, in the presence of different
ligand or pathological point mutations, (2) the MT was employed to
probe the nanomechanics of a DNA analogue and to characterize the
interactions between DNA and condensin and (3) the instrumental
implementation of F-S coupled with fluorescence for a rapid bound-
ary exchange was validate in order to be used to investigate different
protein binding to DNA in future.

The AFM is often used as an imaging characterisation tool, in
which the investigation of biological process under zero force could
be achieved (as described in 11.1).

1 kB = 1.38064910−23 × JK−1 is the Boltzmann constant
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Figure 1.1.: Main single molecule force spectroscopy techniques: Magnetic
Tweezers, Atomic Force Microscopy and Optical Tweezers teth-
ering a single DNA filament.

OT MT AFM
Spatial resolution (nm) 0.1− 2 5− 10 0.5− 1
Temporal resolution (s) 10−4 10−1-10−2 10−3

Stiffness (pN ·nm−1) 0.005− 1 10−3-10−6 10-105

Force Range (pN) 0.1− 100 10−3-102 10-104

Displacement Range (nm) 0.1− 105 5− 104 0.5− 104

Probe Size (µm) 0.25− 5 0.5− 5 100− 250

3D manipulation Tethered assay High Force Pulling
Typical applications Tethered assay DNA topology Interaction assay

Interaction assay
Low noise and Force clamp High resolution imaging

Features low-drift geometry Bead rotation Interaction assay
Specific interactions

Photo damage No manipulations Large high stiffness probe
Limitations Sample heating large minimal force

Nonspecific Nonspecific

Table 1.1.: Comparison of the three main force spectroscopy techniques: Op-
tical Tweezers (OT), Magnetic Tweezers (MT) and Atomic Force
Microscopy (AFM). Adapted from [10].

1.1.1 Advantages of Single Molecule approaches

With Single Molecule techniques one refers to several methods which al-
lows the measurements of physical properties on one-to-one molecule
[13].

In particular, the information obtained could be divided in:

• Forces The force spectroscopy is widely employed into the bio-
physics field, due to the great range of biological processes in
which the force is involved, as mechanical protein unfolding or
DNA rearrangements and organisation. The MT and OT can ap-
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ply external forces from sub-pN to tens of pN, while the AFM
in force spectroscopy mode goes from tens of pN to nN (see
Tab.1.1 for details). In the Flow Stretching techniques forces in
the order of several pN could be achieved.

• Structural information Quite recently, the SM techniques have
been used as tools to unravel the structure of biomacro-
molecules as proteins and nucleic acids, complementary to
other more standard approach as Mass Spectrography or Crystal-
lography. In the SM, the structural information are obtained by
measuring the intermolecular distances, obtained a structural
resolution in the order of nm.

• Dynamics Usually, all SM approaches allow the investigation
of the dynamics of the processes under study, usually with a
resolution ranging from ms to several minutes. The folding and
unfolding of proteins, or the protein-driven compaction of a
DNA are some examples.

In general, among all the advantages, also some drawbacks are
present. The unique feature of SM technique to distinguish very
rare processes or behaviour could results also in considering spurious
events or instrumental-linked artefacts as real phenomenons. Single
molecule events are also limited by the thermal noise, which is compa-
rable to the noise of the measure and cannot be avoid. They are also
affected by high thermal fluctuations, and sometimes a proper cali-
bration could be challenging. Moreover, to have a reasonable statistic,
the measurements are very time-demanding. Despite all this, the SM
techniques are necessary to study molecular heterogeneity, the dy-
namics out of the equilibrium and permit to work with a very low
concentration of biological sample.
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1.2 atomic force microscopy

The first Atomic Force Microscopy (AFM) set up was realized in 1986 by
Binnig, Quate and Gerber [20] and its principles are based to the Scan-
ning Probe Microscope (SPM). In a typical SPM system the value of a
physical variable, which depends on the distance between the surface
and a specific probe, is monitored. The SPM techniques were born
as powerful tools for obtaining 2-dimensional maps of a surface (with
several different variables recorded, like interaction force (AFM), elec-
trical current (Scanning Tunneling Microscopy - STM) or small light
sources (Near-Field Scanning Optical Microscopy - NSOM)). In the
AFM setup, the bending of the cantilever in the vertical axis is the
physical variable that is monitored: in the imaging mode the instru-
ment works as a nanoscale phonograph: after having recorded a very
high rate of 2-dimensional profiles, the topography of the surface is
reconstructed in three-dimensional details (Fig. 1.2).

Figure 1.2.: Top: A simplified cartoon of an AFM in imaging mode.
Bottom Left: A phonograph tip on a LP.
Bottom Right: An AFM tip on a biological cell [adapted from
RITMindustry®].

Even if this instrument started his history as a powerful tool for
nanoscale surface morphology investigation, during the years a lot of
different abilities emerged in a wide variety of different fields, from
microelectronic to biology to nanotechnology.

At these days, the AFM is the most used instrument for characteris-
ing biological molecules as proteins or DNA at nanoscales [2, 4, 8, 9],
as well as one-atom-resolution graphene matrices [22] or surfaces as
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Figure 1.3.: A sketch of the standard setup of an
AFM in a protein unfolding experi-
ment. (Fig. taken from [14]).

Figure 1.4.: The AFM Life Science Nanowizard®

II from JPK used in this Thesis.
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collagen [3]. Important improvements of the setup (High-speed AFM
[23], up to 30 frames/s) have allowed to scale from the characteri-
sation of static samples to obtain dynamic information of biological
sample under motion, as, for example, proteins [24].

The AFM is nowadays one of the most used tools also for probe
the elasticity of single cells [7] or bacteria, or probe the stiffness of
samples at the mesoscale (as, for example, collagen matrices [6, 5]).

Indeed, the AFM is also one of the most relevant tools for the
nanomanipolation of matter and for probing biological systems prop-
erties which are related to the surfaces-tip interaction. It is extremely
sensitive to forces, so it has emerged as the main tool for probing the
unfolding of proteins [1] or the DNA overstretching at forces up to
20 pN.

The standard setup of a typical AFM (Fig.1.3) consists in a can-
tilever with a sharp tip at one of the end. A laser beam is reflected to
the back of the tip and then recorded by a system of four segmented
quadrant photodiode and converted in electrical signal which enters a
feedback process. This investigating tip is moved very close to the sur-
face and then retracted by a piezoelectric actuator which records the
position with a subnanometer resolution. By analysing the displace-
ment of the laser on the photo diode, lots of different informations
could be obtained about the surface or about the interaction between
the tip and the sample. The setup is completed by a stage, on which
the sample is positioned, an optical camera and, in some version, an
optical or fluorescent microscope.

The cantilever usually is made of Silicon Nitride (Si3N4) and it
could be coated by gold in order to increase the reflectivity of the
laser beam. The central body consists on a very tiny slice of Si3N4

with a V-shape arms or on a rectangular arm, whose length is in
the order of 100µm. The tip is applied on one end of the cantilever.
The real tip is very sharp and could have different shapes: for the
protein unfolding study it is common to use a quadratic pyramid tip,
with a curvature radius of ∼ 10nm [1] mounted on a soft cantilever,
while for acquiring images a symmetric tip with a nominal tip radius
of 8 nm was used [3, 4, 8]. The characteristics of the probe could
vary, as the length of the arms on which the tip is mounted or their
width: the physical parameters define the final elastic constant of the
probe. A very soft cantilever results (as the one usually used for force
spectroscopy) in a higher resolution in laser deflection detection: the
more the cantilever is bent, the more the laser beam is deflected. On
the other side this kind of configuration has also the disadvantage
of being very sensitive to thermal noise, so it is necessary to balance
appropriately these two opposite requirements as described in Sec.
1.3.4.

When the tip is approaching the sample, the interaction force be-
tween the tip and the substrate causes a deflection of the cantilever.
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This force could have different origins: for example if the electrostatic
is involved in imaging mode, the resulting force is due to Van der
Waals interaction. In protein pulling experiments these interactions
represent the resistance applied by the proteins to the unfolding pro-
cess while in the imaging mode they reflect the interplay between the
sample and the tip. This interaction results in a change of the position
of the reflected laser beam on the photodiode, forming an optical lever
system. The laser beam reflected by the tip hits a photodiode, which
records the displacement (in Volts) of the beam from a reference point.
In the imaging mode the laser displacement is converted to the dis-
tance between the tip and the sample, reflecting the height and the
topography of the specimen while in force experiments the displace-
ment is recorded as a voltage and subsequently converted to a force.
By modelling the cantilever as a Hookean spring and by knowing its
elastic constant, it is possible to convert the measured voltage to a
force. Being capable to measure the deflection with nanometre preci-
sion, the force microscope is a force sensor in the picoNewton force
scale. In practice, thermal noise for very soft cantilevers limits the
force resolution to > 15pN. For the same reason, when the probe
is retracted, if there are some interaction (adhesion, macromolecules
attached between the tip and the substrate etc), the laser beam is
deflected on the photodiode in the opposite direction. The intrin-
sic length resolution of the instrument, given by the precision of the
piezoelectric actuator and by the sensitivity of the cantilever, is of the
order of nanometres.

A piezoelectric actuator is able to move the cantilever in the 3 di-
mensional space with a resolution of one nanometre. By linking the
spatial information to the force measured by the photodiode, several
conclusions could be obtained, depending on the design of the se-
lected experiment. When AFM is used in imaging mode, the probe
scans the surface line after line. A proportional-derivative (PD) feed-
back instantaneously corrects the vertical position of the probe, en-
suring constant applied force to the sample during the scanning.

At difference, when it is used for one-dimensional force spec-
troscopy the cantilever is moved only in the vertical direction, per-
pendicularly to the sample plane. In force spectroscopy the cantilever
is moving up and down with a constant speed (from 30 nm/s to
3000 nm/s), and the position is recorded. There is also the possibility
to maintain the probe at a constant bending (a constant deflection, or
force, i.e force clamp mode, see Sec.1.3.2) by adjusting the tip position.
In all these cases the goodness of the measure is strictly dependent
on the feedback response time.

The AFM setup is particularly useful for the investigation of biolog-
ical samples because a complicate preparation is not necessary and
the measurements can be taken under near-physiological conditions
(liquid buffer or controlled temperature).
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In this Thesis the employed AFM is a commercial one, the Life
Science Nanowizard® II from JPK Instruments, Berlin.

1.2.1 Imaging

The AFM was historically employed to characterize surfaces or for
acquired images of biological specimens with a sub-nm resolution
(in z-length) and with a lateral resolution of few nm. As explained
above, when the tip of the cantilever is close enough to the specimen it
is attracted or repelled from its surface, and this phenomena induces
deflections of the cantilever. A xy raster scanning is employed to map
the area of interest (usually from 100x100nm2 up to 100x100µm2,
with a pixel range from 256 x 256 pixels to 8192 x 8192). The related
variations in the voltage of the piezoelectric crystal controlling the
vertical position of the cantilever are recorded and converted, in order
to produce a 3D-image of the surface topography.

There are two classical strategies to acquire surfaces images: the
contact mode and the tapping mode, even if nowadays several new
modalities have been emerged (for example the Peak Force Tapping
Mode, developed by Bruker®, see Appendix A.3).

Contact Mode

The first strategy to carry on AFM imaging experiments is the contact
mode: the tip and sample are maintained in close contact during the
scanning process, consequently they feel a repulsive Lennard-Jones
potential. The major drawback of this imaging strategy is the pres-
ence of large lateral forces on the sample due to the dragging of the
tip in contact with the specimen. These lateral forces often causes
damages to the tip and to the sample, especially for soft biological
specimens, while for crystalline surfaces these damages are generally
not a big issue. In liquid mode the drag of the forces could limit the
lateral resolution. The cantilever required have usually a low Reso-
nance Frequency (∼ 20kHz) and a low spring constant (∼ 0.1− 1N/m).

Tapping Mode

The second alternative imaging strategy is the tapping mode: the can-
tilever is oscillatingat a frequency near to the resonant one, in the
range of hundreds kHz, so when it is approached to the surface of
the sample the contact occurs only for a small fraction of its oscilla-
tion period. The interaction regime is still repulsive as the contact
mode, but the very short times over which the contacts occurs dra-
matically reduce the lateral forces acting on the sample and on the
tip. The cantilevers required for the non-contact imaging have usually
an high Resonance Frequency (∼ 300kHz) and a high spring constant
(∼ 10− 50N/m).

11



Both the contact and the tapping mode can be applied both in liq-
uid (with a low viscosity, like water and water-like medium) or in air.
The advantages and the drawbacks of them are strictly dependent to
the sample: usually the tapping mode is preferred for imaging biolog-
ical samples due to its high sensitive and low perturbation of the sam-
ple, which prevents AFM-induced damages of the bio-macromolecule
of interest. The liquid mode usually permits a lower resolution, due
to the perturbation of the water molecule and a considerably lower
resonance frequency of the cantilever, but has the significant advan-
tage of study the sample in near-physiological conditions.

In this work, AFM imaging technique was widely employed, usu-
ally in tapping mode: during the analysis of the mechanical prop-
erties of the DNA analogue (Part 11.1, [2]), to observe the crowding
effects on DNA induced by PEG and HNS (Appendix A.2, [9]), to
characterize the aβ fibrils (Appendix A.1.1,[4] and A.1.2, [8]), to cap-
ture the morphology of collagen matrices (Appendix A.3, [3]) and to
image cells (Appendix B.2) and fruits. Unless otherwise specified, I
have personally acquired all the AFM images shown in this Thesis by
means of the Nanowizard II instrument.

1.3 afm- based single molecule force spectroscopy

Understanding the role of force in many biochemical process is still a
challenging task, due to the necessary sensitivity in force needed for
this kind of investigations. Indeed, a lot of different biomolecules are
subjected to a force when performing their biological task, or their
mechanical reaction to external force may want to be investigated.
These experiments, which require an applied external force, are im-
possible with bulk techniques, especially if a specific knowledge of
the direction and position of the force is needed. To overcome these
problems, different apparatus have been developed. They all are sin-
gle molecule based and the geometry of the experiment is carefully
designed to have a perfect determination of the direction of the in-
volved force.

In addition, the apparatus must have an high resolution both in
length and force. In a typical single molecule technique for study-
ing the stretching the of biopolymers, the biomolecule is tethered
between its two ends. Then a force can be applied to one of the two
sides and the reaction of the polymer is investigated. The AFM is an
excellent technique in this kind of study for the reasons underlined
above. As a matter of facts the probe is moved in the z-direction
by the piezoelectric, first it is moved downwards until it gets in con-
tact with the surface and then upwards, until there is no interaction
between the probe and the surface. The resulting deflection of the
cantilever (which is then converted into force) as a function of the
tip-sample separation is called force curve.
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The name Force Spectroscopy defines the presence of a mechanical
force applied to the sample and the recording of the sample mechan-
ical response to this force. Different Force vs Time (or Length) pat-
terns could be recorded, in order to underline a different aspect of
the sample’s response to the external force.

1.3.1 Force extension

The most simple data that can be obtained by means of an AFM
setup are called Force Extension curve (FX). In a typical FX curve
(Fig 1.5), two different curves are seen: the approach curve (blue) and
the retracted one (red).

Figure 1.5.: A force-extension curve, showing the bending of the cantilever.
The tip is moved downwards (1) until it gets in contact with
the sample (2). A force is exerted on the substrate (3) for few
seconds. Then the tip is moved away from the surface (4 - 5)
until the starting position is reached again (6). (Fig. taken from
[21])

If there is no interaction between the tip and the surface and the
sample is sufficiently stiff, the retracting and the approaching curve
are super imposable. Almost in all situations there is a dip in the
retraction curve, whose depth could vary, (position #5 in the Fig.1.5):
this represents the adhesion between the tip and the surface. It is
more evident for soft and sticky samples, while for very clean, dry
and stiff samples this feature could disappear.

The approaching speed of the probe toward the sample is defined
by the operator: usually it is several hundreds of nm/s. Also the
distance travelled by the tip depends of the kind of sample under
study, from 500 nm to 10 µm (the maximum range spanned by the
JPK Nanowizard is 15 µm).

When a single polyprotein is stretched (for a description of the
employed polyproteins in force spectroscopy see Sec. 2.2), as the tip is
withdrawn at constant speed, the extension of the molecule generates
a restoring force that causes the bending of the cantilever.
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Figure 1.6.: A typical sawtooth pattern for the unfolding of a polyprotein in
force extension mode (Fig. taken from [14])

During the polyprotein pulling, the restoring force acting on the
cantilever increases until one domain unfolds: this unravelled do-
main suddenly adds its length to the total length of the protein and
allows the force on the cantilever to fall. This phenomenon is de-
tected as a peak in the force extension curve (Fig.1.6). After this, the
protein resists to the elongation until the second domain in the chain
unfolds. The retracted curve shows a variable number of peaks, each
of them representing an unfolding event. This kind of curves is also
called a saw-tooth pattern curve (Fig.1.6). When all the domains are
unfolded, the polyprotein detaches from the tip and a detachment
peak (whose height is usually bigger than other peaks) is observed (#
4 in Fig.1.6). This kind of curves are analysed by fitting each peak to
the Worm Like Chain (WLC) function, and parameters as persistence
length and contour length can be extracted (see Appendix D.3).

1.3.2 Force clamp

In Force Clamp (FC) spectroscopy , a single polyprotein tethered be-
tween the cantilever and the substrate is subjected to a constant force.
In this way the extension length of the protein is measured directly
as a function of time, giving rise to a Force Clamp curve. The main
problem of this kind of experiments is that the AFM must have an
excellent electronic feedback, in order to measure the force and to
correct it instantaneously, by changing the vertical position of the can-
tilever. The typical required feedback response time is 2-6 ms. The
more this time is short, the more the force is corrected quickly. In this
way both the length and the force applied to the protein are precisely
recorded as function of time.

For a polyprotein stretched at a fixed force, the extension vs time
curve results in a well defined series of steps, each of them indicating
one unfolding event. Indeed, the polyprotein length increases when
a domain unfolds. As soon as one domain unfolds, the height of
the cantilever must be corrected by the piezo to maintain the same
force. This results in a step (Fig. 1.7) in the tip-sample separation vs
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Figure 1.7.: A mechanical fingerprint for a polyprotein in a force clamp ex-
periment. (Fig. taken from [14])

time curve. The final curve gives a mechanical fingerprint of the single
polyprotein (Fig. 1.7).

From this kind of experiments, the length of a modulus can be
found by measuring the height of a single step. It is also possible to
find the rate of unfolding when the protein is subjected to different
forces, by summing a high number of FC curves recorded in the
same conditions and fitting it to a single exponential function.

The AFM-based force spectroscopy is used in this Thesis for
unfolding a chimeric polyprotein (I274 −αSyn− I274) in the Part ii.

1.3.3 Elasticity

The AFM-based nanoindentation has emerged as an useful tool to
study elastic properties of biological samples, due to the versatility
of soft cantilevers allowing local testing of fragile samples as cells
(Appendix B.2.1, B.2.2 and B.2.3) tissue or substrates as collagen (Ap-
pendix B.1) [5, 6, 7, 26, 27, 28, 29, 30, 31, 32].

Figure 1.8.: A sketch of a AFM-based indentation on a cell.
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The parameter of interest, the Young Modulus, which describes the
elastic modulus of the sample, could be obtained by means of several
different models, but most of them are based on the Hertz model and
corrected to match the experimental conditions.

Hertz-Model

The Hertz model approximates the sample as an isotropic and linear
elastic solid occupying an infinitely extending half space. Further-
more it is assumed that the indenter is not deformable and that there
are no additional interactions between indenter and sample. If these
conditions are met the Young’s modulus (E) of the sample can be fit-
ted or calculated using the Hertzian model. The force curves are plot-
ted force (F) vs piezo displacement (d), and the Hertz model could
be applied on the extension trace (blue trace in Fig.1.5). The hertz
model assume an indentation smaller with respect to the thickness
of the material, so it is valid only with an indentation depth up to
10%, which for a typical cell, whose diameter is approximately 5µm,
is around 200-500 nm. In this way the substrate does not affect the
measurement.

Figure 1.9.: The cell with radius R1 is located on a rigid flat substrate and
indented by a spherical indenter with radius R2. (Fig. taken
from [31])

The classical Hertz model considers two spherical bodies, while in
a cell-indentation experiment the tip geometry has to be considered,
since the contact surface is closely related to the geometry of the in-
denter [30].

The simpler model approximates the tip to a parabola:

F =
4
√
RC
3

E

1− ν2
d3/2 (1.1)
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where F is the force, RC is the radius of tip curvature (R2 in Fig 1.9),
ν is the Poisson’s ratio2, E is the Young’s Modulus and d is the piezo
displacement.

1.3.4 Cantilever Choice and Calibration for Force Spectroscopy

Cantilevers for AFM measurements are typically made of silicon ni-
tride using microelectromechanical systems, and they may be back
side coated by gold in order to increase their reflectivity. This coating
is essential for liquid measurements in order to increase the reflectiv-
ity of the laser and reduce water interferences. Different cantilevers
could be mounted on a chip (Fig.1.10), and they could have one (rect-
angular shaped) or two arms (triangular or V-shaped), whose length
is about ∼ 100− 200µm (Fig.1.11). The shape of this arms is critical
for the final calibration. In this Thesis both v-shaped and rectangular-
shaped cantilevers were used.

For the protein unfolding experiments, the tip must be very sharp
in order to maximize the probability of the attachment of a single
molecule. For this reason, we used cantilever whose tip, mounted
at the end of the cantilever arms, is a quadratic pyramid and has a
curvature of tip radius of of 10− 60nm.

The choice of the cantilevers is critical to have good results, as they
influence the signal-to-noise ratio, drift and feedback response time.
As the laser beam waist of our setup is quite large (diameter ∼ 30−

50µm), it is necessary to have a cantilever with lateral dimension large
enough to reflect most of the laser beam in order to avoid interference
due to the reflection of the laser on the gold surface.

The smaller is the cantilever spring constant, the better is the noise-
to-signal ratio (Fig.1.12). Indeed the deflection due to a given force
is higher for a low spring constant cantilever than for high spring
constant cantilever. Cantilever with small spring constant results in
a better signal-to-noise ratio, because at the same force with small
spring constant the cantilever is more deflected. On the other side,
low spring constant cantilevers are more sensitive to the thermal
noise. In addition, the resonance frequency of the cantilever limits
the feedback response of the system. Therefore a good probe must be
stable in a time of few milliseconds and must have a linear response
in a quite large range of forces.

Each cantilever has a spring constant value declared from the pro-
ducer and calculated from its geometry, but the spring constant value
is very sensitive to imperfections that may occur during the produc-
tion process.

Before choosing the more suitable cantilever for protein unfolding
experiments, three different kind of cantilevers were tested: ORC-8,

2 the Poisson’s ration depends on the material. For soft biological samples is ν=0.5,
which describes incompressible materials like rubber.
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Figure 1.10.: Side B of MLCT probes and a zoom on the tip. The images are
taken from Bruker official website.

Figure 1.11.: Schematic examples of typical triangular and rectangu-
lar cantilever probes. The images are taken from Bruker
official website.

DNP and MLCT, all of them are purchased from Bruker AFM probes
(Table 1.2). The arms of these cantilevers have a length of 85− 310µm
and a width of 18− 40µm, while the tip is ∼ 2.5− 8µm high.

The cantilever chosen for the α-synuclein unfolding is the MLCT-
BIO # D (triangular shape, nominal resonant frequency of 7 kHz,
nominal spring constant 0.03 N/m): it is soft enough to capture the
signal coming from the protein unfolding with a good signal-to-noise
ration in the liquid environment. It is golden coated and it has a
nominal tip radius of 20 nm, large enough to assure the capturing
of a protein spread on the surface but small enough to limit a multi
molecule attachment.

For all the elasticity measurements (collagen matrices and cells re-
ported in the Appendix B) the details of the cantilever chosen were
described individually.
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Cantilevers

MLCT
Name Shape Resonant freq kHz Spring constant N/m

B Rectangular 15 0.02

C Triangular 7 0.01

D Triangular 15 0.03

E Triangular 38 0.1

ORC-8
Name Shape Resonant freq kHz Spring constant N/m

LN Rectangular 18 0.05

SN Rectangular 68 0.38

LW Rectangular 19 0.1
SW Rectangular 71 0.73

DNP-S
Name Shape Resonant freq kHz Spring constant N/m

LN Triangular 18 0.06

SN Triangular 56 0.24

LW Triangular 23 0.12

SW Triangular 65 0.35

Table 1.2.: Table of the cantilevers used in the experiments. The acronyms L
(long), S (short), N (narrow) and W (wide) are here used for dis-
tinguishing the different cantilevers mounted on the same chip.
The values reported for the resonant frequencies and for spring
constants are the ones declared by the producer. The discrepancy
between these values and the ones calculated by thermal calibra-
tion is about ±30% for soft cantilevers and less than ±15% for
the cantilevers with high spring constant (ORC-8 SW and DNP-S
SW)
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Figure 1.12.: Zooms of different force vs. distance curves acquired in buffer
in the non interaction regions. The cantilever A. has a k =

0.05N/m and a thermal noise of nthermal ∼ 25pN, while the
cantilever B. is five times stiffer (k = 0.25N/m) and has a ther-
mal noise of nthermal ∼ 10pN)

Cantilever calibration

The bending of the cantilever, and consequently the displacement of
the laser beam on the photodiode, is directly proportional to the tip-
sample interaction force. The change in voltage measured by the
photodiode can be converted into a force by a suitable calibration
procedure. This step is critical to obtain reliable results.

First, the measured change in voltage (Volt) needs to be converted
in the deflection of the cantilever (nm). This conversion factor, called
sensitivity, depends on the cantilever, on the optical path of the AFM
detection laser and on how the cantilever is mounted on the glass
holder. In order to obtain this value, a force calibration extension
curve is recorded. The cantilever tip is brought close to a hard surface
and pushed, and deflection-extension data are obtained (Fig.1.13).
When the probe is in contact with the surface and the piezoelectric
is approaching with a constant speed, the displacement of the laser
beam on the photodiode is directly proportional to the physical dis-
placement of the piezoelectric. The multiplicative inverse of the slope
of the force-curve in the contact region shown in Fig.1.13 yields a cor-
relation between the change in voltage measured by the photodiode
and the bending distance measured from the movement of the piezo-
electric (sensitivity = ∆z/∆V). The sensitivity is expressed in units of
nmV−1.

For small bending angles, the cantilever behaves like an ideal
Hookean spring with a spring constant (k) that is determined by its
material and dimensions. This allows using the Hooke’s law:

F = k ·∆z (1.2)
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Figure 1.13.: Measured Approach (blue) and Retract (red) deflection versus
distance of the height data in air for sensitivity calibration. In
this case the sensitivity is 41nmV−1. Calibration data acquired
with cantilever MLCT-C.

By using the Eq. 1.2 the deflection of the cantilever (in nm) is then
converted in force (pN) (Outline 1.3).

Force = verticaldisplacement · k = deflection · sensitivity · k (1.3)

In order to measure the spring constant of the cantilever k, different
methods are reported in literature [33], but the most common is the
Thermal Fluctuations method, which is based on the equipartition
theorem. Even if this method is less precise than others, such as the
method of calibration with a reference cantilever, it is widely used
because it is the easiest and faster one. In addition, this method is the
most indicated for the soft cantilevers calibration.

The end of the cantilever is constantly fluctuating because of the
thermal vibrations from the environment. These fluctuations can be
modelled as a kind of diffusion restricted by the restoring force due
to the spring constant.

As a consequence of the equipartition theorem, which states that
the kinetic energy of each degree of freedom (that in our case is the vi-
brational mode) equals half the thermal energy kBT(= 4.11pN · nm),
the constant spring is obtained. So, in the final calibration step, the
thermal fluctuations of the cantilevers far from the surface are mea-
sured as a function of the frequency (cantilever thermal noise spec-
trum) (Fig.1.14). The vertical deflection of the cantilever (zc in Eq.
1.4) is measured along some time. This process may be represented
by an histogram of vertical deflection values. Nevertheless, it is eas-
ier to look at the frequency dependence of the fluctuations, and this
procedure intrinsically excludes the low frequencies or specific noise
sources. On average, the greatest amplitude will be found around the
cantilever resonance frequency.

The amplitude of these fluctuations at a given temperature (the
room one) depends only on the spring constant of the cantilever. The
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Figure 1.14.: Measured resonance spectrum of a soft cantilever MLCT-C in
air. Two peaks are shown: the first one (fmax ∼ 6.8kHz) is
the first vibrational mode, while the second (fmax ∼ 44kHz)
represent the second mode. The two spring constants are
k1st−mode = 11.52mN/m and k2nd−mode = 10.06mN/m.
The red line is the Lorentzian fit of the first vibrational mode.

thermal resonance curve can be therefore fitted by a Lorentz function,
and the area under the curve is used as a measure of the resonance
energy in order to obtain the value of the square mean cantilever
vertical deflection in z 〈z2c〉.

If the cantilever is considered as a simple harmonic oscillator and
the Brownian motion of the fundamental oscillation mode of the can-
tilever is evaluated, the elastic constant is given by the simple formula:

k =
kBT

〈z2c〉
(1.4)

where kB is the Boltzmann constant and T is the temperature in
Kelvin.

Actually, considering the cantilever as an ideal spring, the resulting
spring constant has a typical error of ±20% with respect to the real
value and this error is not negligible in the range of forces that we
explored. Indeed, the real cantilever is not completely harmonic as
assumed by the theory. Actually there are various correction factors
that must be used to get a more accurate value from the fit. There are
complex theories, that have derived empirical equations to correct the
signal [34]. The disadvantages are that such theories require a precise
knowledge of the environmental conditions (Temperature, refraction
index of the mean..) and of the geometry of cantilever (including
the purity of the material). A compromise was found by introduc-
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Figure 1.15.: Measured spectra in liquid (left) and air (right) for the same
MLCT - C cantilever. The spring constants are kliquid = 10.09
mN/m and kair = 11.52 mN/m. Red lines are Lorentzian fits.

ing correction factors dependent to the shape of the cantilever. These
correction factors are found by deriving an analytical estimation of the
spring constant by means of a finite element analysis.

The correction factors for the first vibration mode are f = 0.764
for triangular cantilevers [34] and f = 0.817 for rectangular ones [35].
These values are valid only if the laser is positioned at the very end of
the cantilever: if the beam is moved toward the chip the predictions
are no more reliable.

Fluid and Air calibration

In theory, the calibration procedure described above is valid both in
liquid and air. However, when using soft cantilever, such as the ones
described in the Table 1.2, the determination of the spring constant
can be problematic. Indeed, very soft cantilevers, such as MLCT-BIO
C or D (k ' 0.01− 0.03N/m), are strongly affected by the viscosity
of the liquid and their spring constants may be underestimated. For
these cantilevers the difference in the spring constants obtained by
the thermal fluctuations method in air is about 15− 20% higher than
the same calibration performed in liquid.

For an accurate calibration, both the two steps of the procedure
described above are performed in air. In this case the resonance peak
is more easily detectable, because the thermal noise is less visible
with respect that in fluid and it has a frequency high enough to be
clearly distinguishable from the low-frequency noise (Fig.1.15).

The sensitivity must be calculated anew at the beginning of the
experiment (in liquid) while the spring constant is the same of the
one determined in air.
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1.4 magnetic tweezers

The Magnetic Tweezers are the most sensitive technique among all
the single molecule low-force spectroscopy set up. The first magnetic
set up to manipulate DNAs was developed by Amblard et al. [36],
while the first modern Magnetic Tweezers (MT) setup was developed
by Strick and co-workers [37].

The typical MT experiment consists on tethering the molecule of
interest (historically DNA, but in the last five years the MT-based
force spectroscopy of polyproteins has emerged [38]) by means of a
paramagnetic bead, which can be manipulated using a pair of per-
manent magnets placed above the specimen. The commercially avail-
able paramagnetic beads have a 1-10 µm diameter, and they produce
a characteristic diffraction pattern: optical images are acquired by
an inverted microscope, permitting to track the position of the bead.
The extension of the molecule, and the force the bead is subjected to,
can be determined from the bead’s coordinates, approximating the
DNA-bead to an inverted pendulum.

Figure 1.16.: Scheme of a typical magnetic tweezers setup. The two possible
configurations of the magnets are reported, the horizontal ge-
ometry is that one used in this work. Figure adapted from [49].

Among single molecule techniques the MT have several advan-
tages: first of all it is the most straightforward and cheapest set up
to build, it has a simple and robust experimental configuration and
it is intrinsically in force clamp configuration, without the necessity
to have a feedback control on the forces. Moreover, the resolution
of the force applied to the molecule is very precise, in the range
from 10−3 to 102 pN, depending on the iron content of the beads
employed. The MT set up can be easily applied for multiplexing
measurements, permitting the simultaneous measurements of several
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Figure 1.17.: Pictures of the MT setup in the Mantegazza Lab (Chapter 11.1).

tens of DNA molecule with the same single molecule resolution, over-
coming the limitation of slow and time consuming single molecule
experiments. Moreover, this set up can easily improved with fluores-
cent microscopy (as TIRF or confocal microscopy).

Finally MT is capable of inducing a torsion to DNA molecules by
rotating the pair of permanent magnets and finely monitoring super-
coiling dependent processes.

The MT-based experiments reported in this Thesis have been ac-
quired by means of two different home-build setup, one in Francesco
Mantegazza Lab (Chapter 11.1, Fig.1.17, details in [2, 40, 41, 42] and
in the Moreno-Herrero Lab (Part iv and v, details in [43, 44, 45, 46]).

1.4.1 MT set up

A MT standard set up can basically work through two operation prin-
ciples: Pulling force experiment in which magnets have a fixed position
and they are moved up and down by means of a piezo. In this way
the force applied to the macromolecule varies as a function of the
magnets position. In the second configuration, the so-called Twisting
experiment, the two magnets are held at constant height, i.e. keeping
the force constant, while they are rotated to apply a torque to the
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torsionally constrained DNA molecules. All the MT-data reported in
this Thesis are obtained in the pulling force mode.

The set up of the MT at the Mantegazza Lab (structural simile to
the one employed at the Moreno-Herrero Lab, detailed described in
Sec. 13.4) consists of an optical inverted microscope equipped with
an oil-immersion objective (NIKON 100x, NA = 1.25) mounted on a
piezoelectric focusing system (PIFoc, Physik Instrumente, Italy). The
objective is coupled with a 15cm focal-length lens leading to a real
75x magnification. The light source is a green light-emitting diode
(LED). The charge-coupled device (CCD) camera (Marlin, Allied Vi-
sion Technologies) collects images at a frame rate of 50− 100Hz and
it is connected to a computer to analyse images in real time to obtain
the magnet position (then converted into the force) vs bead position
along z-axes.

The magnetic field is generated by a micro-movement apparatus
of two permanent magnets separated by a small gap (i.e 1− 2mm).
Two motors control the position of the magnets along the optical axis
(z-direction). The magnets are usually two cubes of 3 of neodymium
iron boron (Nd

2
Fe

14
B). The magnetic field decreases approximately

exponentially moving away from the magnets, therefore generating a
gradient field along the optical axis [47].

The flow chamber consist in a gasket of parafilm sandwiched into
two coverslips, one of them is drilled so that the gasket creates a chan-
nel in which introduce the sample (DNA) and then other elements (i.e.
proteins, crowding agent, a measurement buffer).

The DNA must be tethered between the flow cell lower coverslip
and the paramagnetic bead. To obtain this result, the most com-
mon option is to obtain a double functionalization: digoxigenin-
antidigoxigenin and biotin(strept)avidin interaction. Paramagnetic
beads labelled with streptavidin are commercially available and (Dyn-
abeads, MyOne streptavidin) and the lower glass coverslip of the cam-
ber must be properly functionalized with anti-digoxigenin [2, 44]. In
the most of cases, a proper passivization of the flow chamber can
be required, by using polystyrene or BSA (Bovine-Serum-Albumine)
protein. The DNA molecule is then labelled with biotins in one end
and with digoxigenin molecules on the other one using either PCR
fabricated DNA handles or labelled oligonucleotides [42].

1.4.2 Optical Calibration

By employing a MT setup, it is possible to obtain the extension of
DNA molecules in real time, using an optical calibration method
based on the circular diffraction pattern generated by the magnetic
beads tethered to DNA [48]: basically different diffraction images are
acquired by means on the CCD camera by shifting the objective along
the z-axial direction, with small and precisely determined steps. This
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process creates a series of diffraction rings of the magnetic beads,
generating a calibration profile by correlating the diffraction pattern
to the distance of the bead from the objective focal plane (Fig.1.18).
The difference between two measured distances gives the vertical ex-
tension of a DNA molecule, with an accuracy dependent of less than
10nm. This calibration procedure enables to determine the axial po-
sition with an accuracy up to ∼ 10nm.

In a MT experiment, at least two beads are used: one stacked to
the surface serving as a reference and the other one tethered to the
DNA molecule, and the optical calibration is performed for both of
them (Fig.1.19, Right). The advantage of a differential measurement
between these two optical calibration profiles is the strong minimiza-
tion of thermal drift effects or instrumental noise.

Figure 1.18.: (a) Left: diffraction rings formed by a 3-m magnetic bead at
four different positions along the axial direction. Right: Cali-
bration profile related to the intensity of the diffraction rings at
several positions. (b) Schematic representation of the stack of
images recorded by the camera. Figures adapted from [49].

The x-y fluctuation of the DNA beads fluctuations of the beads are
necessary also to calculate the applied force, using a cross-correlation
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analysis of the calibration intensity profiles in the horizontal plane.
The tracking on the x-y plane can be carried out with the same accu-
racy of the vertical one, with a resolution of a few nanometres.

1.4.3 Force Calibration

The magnets create a magnetic field that is applied to the paramag-
netic beads, thus generating the following force

F =
1

2
∇(m ·B) (1.5)

where m is the magnetic moment of the bead induced by the exter-
nal magnetic field B. The variations of the magnetic field are in the
range of millimetres, consequently it can be considered constant for
the micron-sized magnetic beads.

Figure 1.19.: Left: The DNA-tethered bead is considered to behave as an
inverted pendulum under Brownian fluctuations. Right: Exten-
sion (l) is determined from the center of a tethered bead to the
center of a reference bead located on the surface.

By using the Equipartition Theorem, the DNA-thethered-bead
could be approximated as an inverted pendulum system under Brow-
nian Fluctuations (Fig.1.19):

1

2
kx〈dx2〉 =

1

2
kBT (1.6)

By using the approximation at small angle (sinϑ = ϑ = dx/l), the
final force is F = Fmagnetdx/l leading to the final expression of

Fmagnet =
kBTl

〈dx2〉
(1.7)
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Consequently, the force which the molecule is subjected to could be
obtained just by measuring the DNA extension (l) and the transversal
(i.e. in the x-y plane) fluctuation (dx).

The standard procedure consist in recording the x-y-z track of a
DNA bead at different magnet position and then the force is plotted
against the magnet position, which is fitted to an exponential function
to obtain an empirical calibration curve.

Because the DNA filaments can be approximated as polymers teth-
ered by a force, their behaviour could be describe by a polymer-
physic model, the Worm Like Chain (WLC) (See Appendix D). By
using this model, parameters describing the DNA could be extracted:
the persistence length (LP), which is related to the stiffness of the
DNA and it is usually around 45-50 nm under standard conditions,
and the contour length (LC), which is the length of the studied
molecule and is LC = 0.34nm/bp [50].
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1.5 flow stretching for single molecule

In the last 10 years new single molecule approaches for exerciting
forces to macromolecules has emerged in the scientific community
[51] to provide key information on the dynamic kinetics, and het-
erogeneity of proteins and molecular motors involved in the organi-
zation of DNA [52]. Among these, one of the most widespread is
the Flow Stretching combined with Fluorescence Microscopy applied to
DNA molecules [51, 52, 53, 54, 55].

Figure 1.20.: Top: Cartoon of a typical flow Stretching (F-S) coupled with
fluorescence experiment on DNA molecule.
Bottom: Real images of fluorescent DNA molecules labelled
with SitOx green intercalant without flow (Left) or with an ap-
plied flow rate Q = 50 µl/min (Right).

This approach is particularly suitable to directly visualize pro-
tein - DNA interaction, both manipulating the samples and imaging
the DNA-protein complex through direct labelling with fluorescent
compounds (fluorescent labelled DNA or protein, fluorescent inter-
calating agents or Quantum Dots-conjugate to proteins or nucleic
acids). Several instruments have been developed to couple the sin-
gle molecule manipulation with TIRF (Total Internal Reflection Fluo-
rescence) microscopy: optical tweezers [56], Lateral MT [44] or flow
stretching [51].

Particularly, the latter approach stretches the DNA molecules by
taking advantages of an external flow, which could be applied by a
syringe pump mechanism. This approach is very easy to be imple-
mented in a standard MT-TIRF apparatus without substantial modi-
fication.
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In brief, the external flow applied to DNA stretches the molecule
along the flow cell surface, in the visualization plane, permitting its
observation by fluorescence. This result could be achieved by us-
ing a DNA molecules with a single functionalisation, resulting in a
fully stretched DNA, or by using a molecule functionalised at both
the ends, to monitor, for example, the DNA supercoiling [53, 57] or
protein DNA loop extrusion [54, 58].

In this Thesis the Flow-Stretching - TIRF measurements (Part v) has
been implemented in the Moreno-Herrero Lab in a setup described
in [44] (Fig.1.21).

Figure 1.21.: A 488 nm (blue) linearly polarized light (Vortran Stradus) is
filltered, attenuated, circularly polarized to avoid preferential
excitation of fluorophores and expanded about 10 times for ho-
mogeneity of the beam. A mirror (M6) placed on a micrometric
stage allows switching between TIRF and EPI-illumination, by
translation, while the lens L3 focuses the beam on the BFP of
the objective (Olympus UAPON TIRF 100x). Light from the
tweezers LED (red) and emitted fluorescence (green) go back
to the objective, passes through dichroic mirror DM1 and is
focused on an Andor Ixon Ultra 897 EM-CCD camera (fluores-
cence emission) and CCD camera (LED light) by L4. Dichroic
mirror DM2 allows separating both beams. Figure taken from
[62].

31



1.5.1 Total Internal Reflection Fluorescence Microscopy

Several methods have been applied to fluorescence microscopy to re-
strict the detection of fluorophores to a thin region of the specimen,
as super resolution techniques (STED) to confocal microscopy to non-
linear excitation microscopy. Limiting the background from outside
improves the resolution of the image and dramatically improve the
signal-to-noise ratio.

Total Internal Reflection Fluorescence Microscopy (TIRFM) take advan-
tage of an induced evanescent wave in a limited specimen region
immediately adjacent to the interface between two media having dif-
ferent refractive indices. In practice, the most commonly utilized
interface in the application of TIRFM is the contact area between a
specimen and a glass coverslip, which in the DNA-Flow Stretching
experiments is the lower surface of the flow cell.

Figure 1.22.: Comparison between TIRF and Epifluorescence. In Epifluores-
cence the light illuminates the whole sample (along the optical
axis), while in TIRF the evanescent wave only reaches a depth
of ∼ 100 − 200nm end excites only fluorophores close to the
glass surface.

Physical Basis of TIRF

The physical phenomenon which describes the total internal reflec-
tion (TIR) is at the base of multiple applications, as diamond cutters
to optical fibers.

The refraction of light as it encounters the interface between two
media having different refractive indices (n1 and n2, for example
glass and air or glass and water) results in confinement of the fluores-
cent wave to the higher-index medium.

A collimated light beam (for example, a laser beam) propagating
through one medium and reaching such an interface is either re-
fracted as it enters the second medium, or reflected at the interface,
depending upon the incident angle and the difference in n1 and n2.
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Figure 1.23.: (Top) Below the critical angle ϑc a fraction the incident light is
reflected and a fraction transmitted. After reaching the critical
angle, all the light is reflected entering TIR, and generating an
evanescent wave [63]. (Bottom) The evanescence wave used in
TIRF microscopy. Figures taken from Robarts Research Insti-
tute website.

Total internal reflection is only possible in samples in which the
propagating light encounters a boundary to a medium of lower re-
fractive index, according to Fresnel’s laws. In dielectric media the
angles of incidence and refraction of an electromagnetic beam is gov-
erned by Snell’s law.

In standard conditions, part of the incident light is reflected and
part is refracted, but in TIR condition the angle is adjusted to elimi-
nate the transmitted component of the light (ϑ2 = 90o and sinϑ2 = 1)
and the critical angle (ϑC) can be directly calculated from Snell’s equa-
tion:

ϑC = sin−1n2

n1
(1.8)

For all the incident angles satisfying the condition ϑ > ϑC, the total
internal reflection is produced (Fig.1.23, Right). In the setup used in
Chapter v the two media used are silica glass (n1=1.52) and water
(n2 = 1.33), with a consequent critical angle ϑC = 61.7o.
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1.5.2 Taylor-Aris Theory

In this Thesis the FS-TIRF setup has been used with a two computer-
controlled syringe pumps, in order to achieve a fast buffer exchange
under the condition of laminar flows and minimal transversal diffu-
sion.

Figure 1.24.: Particles diffusing in flow cell (yellow), the further from the
inlets, the bigger the transverse diffusion (Figure adapted from
[62]).

To characterize the quality of the boundary exchange, the buffer
solution is periodically switched with a 5mM Fluorescein aqueous
solution and the images are recorded in the proximity of the surface
(less than 150nm from the lower cell coverslip). As reported by Ni-
man et al [59], the fall time ts is defined as the time to go from 90%
intensity to 10% intensity. The measured values can be compared to
the Taylor-Aris model [60, 61]. This theory is valid where this condi-
tion is satisfied:

y

v0
>>

a2

288D
(1.9)

with y is the distance from the entrance of the interface, v0 is the
velocity of the fluid and a the height of the channel. The Taylor-Aris
is valid at distances y >> y0 from the two-inlet junction (in our setup
y ∼ 1− 2mm). By using the effective diffusion coefficient k

k = D+
κ(av)2

D
(1.10)

If a rectangular channel is considered, κ = 120, the final expression
of the fluorophore concentration as function of time:

c(t) = c0
1

2

(
1+ Erf

[y− vt
2
√
tk

])
(1.11)

where c0 is the concentration of fluorophores.
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Figure 1.25.: A) Cycles of buffer/fluorophore exchange at three different
flow rates showing that exchange rates range from 3-6.5 s (90%
total intensity) in a 2 mm - 2 layer parafilm flow cell. B) Data
were well fitted to the Taylor-Aris model consistent with a
change of boundary. Figure taken from [43].
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2
P R O T E I N S

2.1 biology of proteins

Proteins are the most abundant biological macromolecules, occurring
in all cells and also in all sub-cell structures. They also occur in great
variety: in the same single cell there are thousands of different kinds
of proteins, ranging in size from relatively small peptides to huge
polymers. Surprisingly, all proteins are composed by relatively sim-
ple monomeric subunits, called amino acids, that provide the key to
the structure of proteins which have a very big variety of functions.
Indeed, proteins perform a vast array of functions within all the liv-
ing organisms, including DNA replication, catalysing metabolic reac-
tions, responding to external stimuli, providing structure to cells and
transporting molecules. All proteins, whether from the most ancient
lines of bacteria or from the most complex forms of life, are con-
structed from the same ubiquitous set of 20 amino acids, covalently
linked in characteristic linear sequences [64].

2.1.1 Amino acids

Proteins are polymers of amino acids, in which each amino acid
residue is joined to this neighbor by a typical covalent bond, the so
called peptide bond3. All 20 of the common amino acids are β amino

Figure 2.1.: The amino acid structure. (Fig. ®2010 Pearson Education, Inc)

3 A peptide bond is a chemical bond formed between two molecules when the carboxyl
group of one molecule reacts with the amino group of the other molecule, releasing
a molecule of water, resulting in an CO NH bond
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acids: they have a carboxyl group and an amino group bonded to the
same carbon atom (the α carbon). They differ from each other in their
side chains, or R groups, which vary in structure, size, electric charge
and which influence the solubility of the amino acids (Fig.2.1). Amino
acids are usually classified by the properties of their side chain into
four different groups: (1) non-polar amino acids, also called hydrophobic,
if the R group is either alkyl or aromatic, (2) polar amino acids or hy-
drophilic if the side chains contain different polar groups like amines,
alcohols or acids. They can be further divided into (2a) acidic, (2b)
basic and (2c) neutral [65].

2.1.2 The protein structure

To describe a complex macromolecule, such as a protein, it is neces-
sary to define different structural levels, arranged in a sort of con-
ceptual hierarchy. Four levels of protein structures are commonly
defined (Fig.2.2): a description of all covalent bonds (mainly peptide
bonds and disulfide bonds) linking amino acid residues in a polypep-
tide chain is its primary structure so, it represents the sequence of
amino acid residues. Secondary structure refers to particularly stable
arrangements of amino acid residues giving rise to recurring struc-
tural patterns, such as α -helix or β - sheet. Tertiary structure describes
all aspects of the three-dimensional folding of the polypeptide. When
a protein is composed by two or more polypeptide subunits, their ar-
rangement in space is referred to as quaternary structure.[64]

Figure 2.2.: The four levels which describe the protein structure. (Fig. ®2010

Pearson Education, Inc)

2.1.3 The three dimensional structure of proteins

The covalent backbone of each protein is formed by hundreds of in-
dividual bonds. If we consider this protein as a chain of amino acids
without any constriction, so able to freely rotate in the 3-dimensional
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space, the protein can assume an unlimited number of conformations.
However, by the late 1920s, several proteins have been crystallized:
the molecular structure was identical for all the proteins of the same
specie. Proteins have a 3-dimensional structure, depending to their
functions in the cell, which is directly correlate to their specific amino-
acids sequence.

The five conclusions that emerge from this kind of study are (ac-
cording to [64]):

• The three-dimensional structure of a protein is determined by
its amino acids sequence.

• The function of a protein depends on its structure.

• An isolated protein usually exists in one or a small number of
stable structural forms.

• The most important forces stabilizing the specific structures
maintained by a given protein are non-covalent interactions.

• Among the huge number of unique protein structures, it is pos-
sible to recognize some common structural patterns that help in
the understanding of protein architecture.

These themes should not be taken to imply that proteins have static,
unchanging three-dimensional structures: in fact protein function of-
ten entails an interconversion between two or more structural forms.
More recent findings suggest that there are some protein which are
fully functional also when they are in an unstructured form [66]. In
addition, in standard condition of temperature (∼ 300 K), it is neces-
sary to consider also the thermal noise, which produces a vibration
around the protein structural conformation [64].

2.1.4 The primary structure

Protein primary structure is the linear sequence of amino acids in a
peptide or protein. The peptide bonds, each of them holding 6 atoms,
that link two consequent amino acids in a protein’s chain is rigid and
planar, preventing the peptide bond from rotating. The alpha carbon
(Cα) in the center of each amino acid is held in the main chain by two
rotatable bonds. The dihedral angles of these bonds are called ϕ and
ψ [64].

2.1.5 The secondary structure

The secondary structure strongly reflects the local conformation of a
protein. The secondary structure often follows common regular fold-
ing patterns of the polypeptide backbone. Only a few types of this
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patterns are particularly stable and occur widely in a great variety
of proteins: the most important are α helix and β conformations (β
sheets and β turns, Fig.2.3).

Figure 2.3.: The two most common type configurations of proteins sec-
ondary structure: α helix and β sheets.(Fig. adapted from
Molecular Biology of the Cell (2002), 4th ed.)

α helix

The simplest, and also the most common, arrangement the polypep-
tide chain can assume, according to the presence of its rigid pep-
tide bonds, is a helical structure, called the α helix. In this struc-
ture the polypeptide backbone is tightly wound around an imaginary
axis drawn longitudinally through the middle of the helix, and the R
groups of the amino acid residues are arranging outside the helical
backbone. The repeating unit is a single turn of the helix, which
extends about 5.4 Å along the long axis. The amino acid residues
included in each helical turn are about 3.6 and the helical twist is
always right-handed. More generally, about one-fourth of all amino
acid residues in polypeptides are organized in α helices, while the
exact fraction varying greatly from one protein to another.

The α helix are the most common structures because they make
optimal use of internal hydrogen bonds. The whole helix structure is
stabilized by an hydrogen bond between the hydrogen atom attached
to the electronegative nitrogen atom and the electronegative carbonyl
oxygen atom of the fourth amino acid of peptide bond. Within the α
helix, every C O and NH involved in a peptide bond (except those
close to each end of the helix) participates in such hydrogen bond-
ing. Each successive turn of the helix is held to adjacent turns by
three to four hydrogen bonds: they give the entire helical structure
considerable stability [65].

β sheets and β turns

The second type of repetitive structure is called the β conformation:
in this case the backbone of the polypeptide chain is extended into a
zigzag rather than helical structure. The zigzag polypeptide chains
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can be arranged side by side to form a structure resembling a se-
ries of pleats. In this arrangement, called β sheet, hydrogen bonds
are formed between adjacent segments of polypeptide chain. The R
groups of adjacent amino acids protrude from the zigzag structure
in opposite directions upward and downward and they can create
an alternating pattern in the plane of the βsheet. The two adjacent
polypeptide chains in β sheets can be either parallel (having the same
amino-to-carboxyl orientation) or antiparallel (in this latter case, the
structure is called β sandwich). The structures are somewhat simi-
lar, although the repeat period is shorter for the parallel conforma-
tion (6.5 Å, versus 7 Å for antiparallel) and the hydrogen bonding
patterns are different. This structure is particularly abundant in the
sovra-molecular assembly, as is one of the main conformational ar-
rangement for amiloydal proteins when organized in fibrils.

In globular proteins, which have a compact folded structure, nearly
one-third of the amino acid residues are in turns or loops where the
polypeptide chain reverses direction. These are the connecting ele-
ments that link successive runs of α helix or β conformation. Par-
ticularly common are β turns that connect the ends of two adjacent
segments of an antiparallel β sheet. The structure is a 180° turn in-
volving four amino acid residues. β turns can be easily found near
the surface of a protein, where the peptide groups of the central two
amino acid residues in the turn can form hydrogen-bond with water.
Considerably less common is the γ turn, a three residue turn with a
hydrogen bond between the first and third residues [65].

2.1.6 Tertiary structure and protein conformation

The tertiary structure of a protein and the spatial arrangement of its
atoms in 3-dimensional space is called conformation. This possible
conformation include any structural state of the protein which can be
arranged without breaking covalent bonds. A change of this confor-
mation could be done also by the rotation around single bonds. It’s
clear that a protein could achieve numerous conformations, consid-
ering that it contains hundreds of single bonds. Despite this, one or
(more commonly) a few conformations generally predominate under
biological conditions. The need for multiple stable conformations re-
flects the changes that must occur in most proteins as they bind to
other proteins or molecules. The protein’s conformations occurring
under a given set of environmental conditions are usually the ones
that are thermodynamically the most stable, so the ones that have the
lowest Gibbs free energy (G). Proteins in any of their functional, folded
conformations are called native proteins [65].
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2.1.7 Weak Interactions stabilize the protein conformation

Talking about the protein structure, the term stability under certain
conditions could be defined as the tendency of the protein to maintain
its native conformation.

Native proteins are only marginally stable: the ∆G which separates
the folded and unfolded states in a typical protein under physiologi-
cal condition belongs to the range of only 20 to 65 kJ/mol. A given
polypeptide chain can theoretically assume countless different confor-
mations, and as a result the unfolded state of a protein is character-
ized by a high degree of conformational entropy. This entropy, and
the hydrogen-bonding interactions of many R- groups in the polypep-
tide chain with solvent (e.g. water), tends to maintain the protein in
its unfolded state. The chemical interactions that counteract these
effects and stabilize the native conformation include disulfide bonds
and the weak (noncovalent) interactions as hydrogen bonds and hy-
drophobic and ionic interactions. Focus on these weak interactions
is especially important to understand how polypeptide chains fold
into specific secondary and tertiary structures, and how they com-
bine with other polypeptides to build up quaternary structures. In
a typical protein, about 200 to 460 kJ/mol are required to break a
single covalent bond, whereas weak interactions can be disrupted
by 4 to 30 kJ/mol. Individual covalent bonds that contribute to the
native conformations of proteins are clearly much stronger than indi-
vidual weak interactions. Yet, because they are so numerous, weak
interactions predominate as the stabilizing force in protein structure.
In general, the protein conformation with the lowest Gibbs free en-
ergy (the native protein conformation) is the one with the maximum
number of weak interactions (Fig.2.4). In addition, the stability of a
protein is not simply the sum of the free energies of formation of the
many weak interactions within it. Every hydrogen-bonding group
in a folded polypeptide chain was hydrogen-bonded to water prior
to folding, and for every hydrogen bond formed in a protein, an hy-
drogen bond (of similar strength) between the same group and water
was broken. The net stability contributes by a given weak interaction.
The difference in free energies of the folded and unfolded states may
be close to zero. So it is necessary to look elsewhere to find the rea-
son why the native conformation of a protein is favoured compared
to the others.

A partially solution can be find by thinking about the particular
properties of the water. Pure water contains a network of hydrogen-
bonded H2O molecules. No other molecule has the hydrogen-
bonding potential of water. When a hydrophobic molecule is sur-
rounded by water, the optimal arrangement of hydrogen bonds re-
sults in a highly structured shell, also called solvation layer. The in-
creased order of the water molecules in the solvation layer correlates
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with an unfavorable decrease in the entropy of the water. However,
when nonpolar groups of the polypeptides are clustered together,
there is a decrease in the extent of the solvation layer because each
group is partially hidden inside the protein. The result is a favorable
increase in entropy that is the major thermodynamic driving force for
the association of hydrophobic groups in aqueous solution. At the
same time, hydrophobic amino acid side chains tend to be clustered
in the protein’s interior, hidden from water. The formation of hydro-
gen bonds and ionic interactions in a polypeptide is driven by the
same entropic effect. Proteins polar groups can establish hydrogen
bonds with water: so they are generally soluble in water. However,
the number of hydrogen bonds per unit mass is generally greater for
pure water than for any other liquid or solution: so there are lim-
its to the solubility of even the most polar molecules. Therefore, the
solvatations shell of structured water could also form to some extent
around polar molecules. Even if the energy of formation of an hy-
drogen bond between two different polar groups of a macromolecule
is canceled out by the elimination of the ionic interactions between
the same groups and water, the release of water provides an entropic
driving force for folding. The main part of the net change in Gibbs
free energy that occurs when weak interactions are formed within
a protein is derived from the increased entropy in the surrounding
aqueous solution resulting from the burial of hydrophobic surfaces.
This more than counterbalances the large loss of conformational en-
tropy as a polypeptide is constrained into a single folded conforma-
tion [64].

Figure 2.4.: The structure of a single molecule of titin I27. The dot blue lines
represent the intramolecules hydrogen bonds (Fig. obtained by
PyMol)

Hydrophobic interactions are clearly important in stabilizing a pro-
tein conformation; the interior of a protein is generally a densely
packed core of hydrophobic amino acid side chains.

Even though one hydrogen bond seems to have a little importance
in the stability of a native structure, the presence of hydrogen bond-
ing and charged groups without partners in the hydrophobic core
of the protein can be so destabilizing that conformations containing
these groups are often thermodynamically untenable. The favorable
free energy change realized by combining such a group with a part-
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ner in the surrounding solution can be greater than the difference in
free energy between the folded and unfolded states. Additionally, it
is known that hydrogen bonds between groups in proteins form coop-
eratively. The contribution of hydrogen bonds and other noncovalent
interactions to the stabilization of protein conformation is still being
evaluated. One of the other concomitant factors that contribute in
the protein stabilization is the interaction of opposite charged groups
which forms an ion pair (salt bridge).

Most of the structural patterns of proteins reflect two simple rules:
(1) hydrophobic residues are largely buried in the protein interior,
away from water; and (2) the number of hydrogen bonds within the
protein is maximized. Insoluble proteins and proteins within mem-
branes follow somewhat different rules because of their function or
their environment, but weak interactions are still critical structural
elements [64].

2.1.8 Protein folding pathway and denaturation

Each protein begins its existence as a linear sequence of amino acids
residues. This polypeptide must fold during and following synthesis
to reach its native conformation. This native protein conformation is
only marginally stable, indeed a modest change in the environment
can involve different structural changes that affect the protein confor-
mation, leading to a misfolded event.

In living cells, proteins are composed by a great numbers of
aminoacids: during the birth of a new protein, aminoacids are joined
in a very high rate. If a 100 amino acids protein is considered, and as-
suming that each residue could take up 2 different space directions on
average, 2100 different conformation for the polypeptide are equally
possible. Assuming that the protein folds itself spontaneously by
a random process in which it tries out all possible conformations
around every single bond until it finds its native, biologically active
form and assuming that each conformation is sampled in the shortest
possible time (1-1.3 s) it would take about 1010 years to sample all
possible conformations, which is more than the age of the Universe.

Thus protein folding cannot be a completely random, trial-and-
error process: there must be some shortcuts. This problem was
first pointed out by Levinthal in 1968 and it is sometimes called
Levinthal’s paradox. On the other side, the folding pathway of a
large polypeptide chain is unquestionably complicated, and not all
the principles that guide the process have been worked out. In one of
the proposed models, the folding process is envisioned as hierarchi-
cal. Local secondary structures were formed first: some amino acids
folds into α helix or β sheets, then they are followed by longer-range
interactions in order to create supersecondary structure: it seems a
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kind of cooperative process that continues until the entire polypep-
tide is folded, usually in a cooperative way.

An alternative model also exists, in which the folding is driven
by hydrophobic interactions among nonpolar residues. In this pro-
cess, the protein first collapses into a compact state, sometimes called
molten globule state, which may have an high content of secondary
structure, but the real position of each amino-acid is still flexible.

Figure 2.5.: Thermodynamics of protein folding depicted as a free-energy
funnel. As folding progresses, the thermodynamic path down
the funnel reduces the number of present states, increases the
fraction of protein in the native conformation and decreases the
free energy (Fig. taken from ®Annenberg Learner and ®Thomas
Splettstoesser).

The rules followed by the process of protein folding are not clearly
determined: most proteins probably fold by a process that is the mix-
ture of both models. The surprising thing is that, instead of following
a single and unique pathway, a population of peptide molecules may
take a variety of routes to reach the same end point. During this
process the number of different partly folded conformational species
decreases as folding reaches completion. Thermodynamically, the
folding process can be seen as a kind of free-energy funnel as shown
in Fig.2.5. The unfolded states have a high degree of conformational
entropy and relatively high free energy. As folding proceeds, the
narrowing of the funnel represents a decrease in the number of con-
formational species present. Small depressions along the sides of the
free-energy funnel are semistable intermediates that can briefly slow
the folding process, or “capture” a protein which will not reach its
stable conformation. At the bottom of the funnel, an ensemble of
folding intermediates has been reduced to a single native conforma-
tion. This process is highly not linear and it can cause defects in
protein folding, generating a misfolded that may be the molecular
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basis for a wide range of human genetic disorders. In nature, the
folding pathway is often assisted by molecular chaperones, proteins
that help the conformational folding or unfolding of other macro-
molecular structures [65]. Each protein has regions of high and low
stability: also small differences in regions of low stability could al-
low a protein to alter its conformation between two or more states.
This little variations in the stability of regions within a given protein
are often essential to protein function. A correct protein folding is
essential to have a biologically working protein, but there could be
conditions in which the protein loses its native conformation. Indeed,
protein structures have evolved to work in particular cellular environ-
ments and environmental conditions. The change of this conditions
could be so important to involve a loss of 3-dimensional structure
that causes loss of function. This process is called denaturation. The
denatured state is not necessary a unique conformation: under most
conditions, denatured proteins exist in a set of partially folded states.
Most proteins can be denatured by heat, which affects the weak in-
teractions in a protein in a very complex way. If the temperature is
increased slowly, the protein conformation generally does not change
until the reach of a narrow temperature range. The abruptness of
the change suggests that unfolding is a cooperative process: loss of
structure in one part of the protein destabilizes other parts. Proteins
can be denaturated also by extremes of pH, by denaturant as urea or
by mechanical strength. Each of these denaturing agents represents
a relatively mild treatment: no covalent bonds in the polypeptide
chain are broken. Because of each denaturing agent causes different
alteration in proteins conformation, involving different processes as
the disrupting of hydrophobic interactions or hydrogen binding, the
denatured states obtained with these various treatments need not be
equivalent [65, 64].

2.2 the mechanical unfolding of single proteins

The understanding of the mechanisms driving the folding an the un-
folding of a protein is still a challenge. Different and complemen-
tary informations could be provided by several experiments, which
may include also ensemble-average techniques, such as NMR, small-
angle X-ray scattering and other spectroscopy techniques and also
computer simulations which provide essential informations that are
otherwise inaccessible because of the technical limitations.

Even if in the past the chemical (or thermal) unfolding has been
compared to the mechanical unfolding [67] and the unfolding rate
constants and the height of the energetic barrier had comparable val-
ues [67, 68], some careful distinctions must be done. First of all, think-
ing about the final state of the protein in denaturant conditions or af-
ter a mechanical force (Fig.2.6), it is evident that they have completely
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different spatial arrangements: random coil for the first and extended
status for the latter.

The chemical unfolded state usually follows the Flory’s scaling law
[69, 70] for a random coil in a good solvent whereas the force un-
folded state is well described by the Worm Like Chain model (WLC)
(see Appendix D.3).

Figure 2.6.: (A.) Native structure of a protein, (B.) Protein force-unfolded
configuration and (C.) Chemical unfolded state.

In order to compare the two unfolding processes, that evidently
involve different final states, it is necessary to investigate how the
energetic landscape changes while an external force is applied to the
protein. In the first approximation, the folding-unfolding transition
may be described as a two state process, separated by an energetic
barrier (Fig.2.7, black line). When a protein is in its native folded
state, its has already reached a free energy minimum and it will not
unfold until an external force in the mechanical unfolding, or the
increase of the temperature in the thermal one, allows it to overcome
the energy barrier (∆GTS−F in Fig.2.7).

The external factor, which lowers the energetic barrier, may be the
increase of the temperature or the addition of a denaturant. Another
way to break the hydrogen bonds, which are responsible of the stable
protein conformation, is to apply a mechanical force and lower the
energetic barrier. In this case the protein is stretched along its reaction
coordinate. This stretching force allows the energy landscape to tilt
and, consequently, lowers the height of both energy barrier and the
energy minimum of the unfolded state. So, if a force is applied to a
protein, the unfolded state becomes more energetically favorable and
more populated.

Several proteins, in nature also present in the human body, are
continuously subjected to mechanical force, for examples proteins in-
volved in the muscular activity or into the transport across the cellu-
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Figure 2.7.: Unaltered energy landscape for a protein (black line) and after
the application of an external force (dot blue line) (Fig. taken
from [81]).

lar membrane. In principle, these proteins must be able to unfold
because of a mechanical force and then refold in their functional
state. The study of their mechanical unfolding process is impossi-
ble by using thermal or chemical denaturation: while it could be well
described by using single-molecules force spectroscopy techniques.
In this case, by applying an external force, a single protein unfolding
event can be observed in an environment as close to the physiological
conditions as possible. Previous studies have shown that the unfold-
ing rate constant extrapolated at zero force qualitatively matches the
unfolding rate constant in absence of mechanical force, i.e. during
chemical or thermal denaturation [67]. Despite this, it is important to
clarify that there is still a structural differences between the unfolded
states in both thermal and mechanical unfolding (Fig.2.6). Indeed, it
has been demonstrated by MD simulations [71] or by single molecule
experiments [72] that the mechanical and chemical unfolded proteins
exhibit some differences in their local chains structure.

2.2.1 The use of enginereed polyproteins in Force spectroscopy

Even if it is theoretically possible to pull a single protein anchored
between the AFM cantilever tip and the substrate, how it could be
clearly distinguished from a-specific adhesion or other molecules
in the buffer was one of the main problems related to this single
molecule technique. Indeed, when the tip is pressed against a layer
of proteins, many molecules may interact with the tip, provoking the
bending of the cantilever. The first problem is that, even if an un-
folding event is detected, an evidence is needed to differentiate true
unfolding events from spurious interactions: indeed only rarely the
molecule of interest is individually picked up. More often the interac-
tions will involve a fragment of protein, or more than one molecules.
The second problem to be faced is that the proteins are relatively
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short: they may be hidden by other kind of nonspecific interactions
[14].

Figure 2.8.: Three different kinds of chimeric polyproteins: left, homomeric
polyprotein, formed by identical modules, center: the protein
object of study (blue square) inserted in two series of a standard
proteins used as a fingerprint and right: polyprotein formed
by two alternated different modules (red circles and green pen-
tagons).

The use of engineered multidomains proteins overcomes this limit:
the repetition of the same modulus gives a force spectroscopy trace
that has a clear sawtooth pattern that could be easily distinguished
from any other curve [73]. However, modular proteins with different
modules, which may occur in nature, have an heterogeneous popu-
lation regarding the length, force stability and sequence. The con-
struction of homomeric proteins, which are made by 4− 10 identical
domains, allows the study of a specific protein. By using a recombi-
nant DNA, it is possible to construct a polyprotein with the desired
characteristics, also by including a protein of interest in a more stan-
dard protein chain (see Chapter 5). Each single protein is linked to its
neighbour by a short linker (usually made of 2-3 aa), whose length
must be considerate during the Force Extension experiment in order
to do not overestimate the contour length of the single protein.

Taking advantages of recombinant techniques, the protein under
investigation can be insert in a chain of several repetition of the same
domain or can be linked to other proteins that are used only as fin-
gerprint. Alternatively the two different kind of proteins can be alter-
nated (Fig.2.8).

By using polyproteins in force spectroscopy in the early 2000s,
some points have been clearly assumed as evidence of real unfolding
of protein and not to the detachment of denatured proteins absorbed
onto the surface:

• The unfolding rate extrapolated at zero force is comparable to
the one obtained by chemical denaturation experiments [67, 75].
This provides strong evidence that saw-tooth patterns repre-
sents true protein unfolding events.
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• During the stretching by AFM, the distance between peaks is
reproducible and corresponds to the expected values based on
NRM studies or MD simulation. Different experiments [76]
clearly show that the spacer between the modules are extended
prior to unfolding.

• Force extension curves of a heterodimeric protein (I27− I28)4
(Fig.2.9B-C.) show saw-tooth pattern where the force peaks are
divided into two different clusters: the weak forces that occur
at the beginning of the trace represent the unfolding of I27 do-
mains. If the force peaks were due to the absorption, an alter-
nate pattern of force peaks would be expected [75].

• When a protein with a very big variety of modules (as titin) is
stretched, the force peaks are ordered form weakest to strongest
[77].

Figure 2.9.: Three different saw-tooth patterns of chimeric polyproteins: (A)
homomeric polyproteins, (B) protein object of study (blue circle)
inserted in two series of a standard proteins used as a fingerprint
and (C) polyprotein formed by two alternated different modules.
Figure adapted from [14] and [75].

2.2.2 A strongly mechanically stable protein: the I27

The giant elastic protein titin is the responsible for the human heart
contraction. It is the direct regulator of the quantity of blood filling
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in the left ventricle during diastole and problems in titin mechani-
cal functions are directly related to the insurgence of several heart
diseases [78]. By the control of the passive elasticity of muscles, mu-
tations of this protein play a key role in dilated cardiomiopathies and
centronuclear myophaty. Studies about titin post-translational modi-
fication show that it regulates also the tissue elasticity [79].

The structure of Titin is very complex (Fig.2.10), as it is formed
by modules of proteins that are very different to each others. It is
made up of immunoglobulin-like (Ig) and fibronectin type III (fnIII)
domains with additional less structured regions such as the N2B
and PEVK region. The half I-band connects the Z-disk and the A-
band and is composed of distinct regions, referred to as the proxi-
mal immunoglobulin-like region, N2B and PEVK region, and distal
immunoglobulin-like region. The most investigated sub-sections are
located in the latter region. Since it is physiologically subjected to
mechanostructural modifications during heart contraction, titin is a
perfect protein to be investigated in presence of an external force in
near-physiologic conditions. Even if titin has a great number of mod-
ules, it has been shown that they fold and refold independently. Force
studies may be done both on the entire protein and on one or few of
its modules.

Figure 2.10.: Schematic diagram showing the position of titin in the sarcom-
ere. The immunoglobulin-like protein I27 is located in the I-
band. Figure taken from [81].

One of the most studied modules is titin I27 (in the old nomencla-
ture, I91), which is an Immunoglobuline-like domain, located in the
distal region of the half I-band. This protein shows an high resistance
to unfolding when subjected to an external force. It is extremely
stable, and its characteristics, as well as its length and its tertiary
structure, are well known. For this reason it is a perfect protein for
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Figure 2.11.: Structure of titin I27, showing the position of its β sheets (im-
age obtain by PyMol).

calibration in force spectroscopy studies and it is used as a fingerprint
when chimeric4 polyproteins are constructed.

The I27 modulus is a β-sandwich5 protein, made of 89 amino-acid,
and has a total contour length of ∆Lc = 28.1±0.2nm [73] and a molec-
ular weight of ∼ 13kDa [80]. It has seven β sheets: this structure is
common to almost each immunoglobulin segment and it is respon-
sible for the elastic proprieties of the Titin. It is also very stable at
neutral pH (Tmelting ∼ 60oC) so, it is not subjected to degradation or
denaturation in the typical conditions of force experiments.

2.3 structured proteins and idps

The proteins can exist in at least three different conformational states:
the ordered (or folded) state, the molten globule or the random coil
[82], called the protein trinity. In the last year, this trinity is described
more as a continuum of conformations ranging from structured to
fully unstructured forms [83]. In the literature exist a multitude of ex-
ample demonstrating that the native protein conformation could cor-
respond to any of these three states an its function could arise from
any states or transition between them. For examples, the muscular
protein titin is able to refold itself among multiple mechanical denat-
urations, and its work is directly translated in the muscular stretch-
ing. Its structure is a continuously alternating transition between an
ordered state and a random coil. A relevant number of proteins that
undergo to chemical modification, as hyperacetylation, show a less
rigid conformation. A structural rearrangement is essential also in
critical cell signalling events, as, for example, the calcineurin protein

4 Chimeric proteins are fusion of two or more proteins which are produced as a single
polypeptide chain. In SMFS, chimeric proteins are widely employed for inserting a
new protein, the real objected of the study, in a chain of other well-known modules
used as reference (Fig.2.9 B)

5 β-sandwich domains are characterized by two opposing antiparallel β-sheets
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bound to a calmodulin: in this process is essential the presence of
a unstructured region near the α-helix calmodulin target. It is quite
frequent that a protein can present simultaneously more than one
conformational state and/or could be divided into subregion present-
ing different orders of structure. The unstructured region is always
linked to the presence of linker, molecular recognition domains, en-
tropic springs and inhibitors domains. It has been showed that the
amino acid sequence determine the native state of a protein: thus it
helps, among different techniques, to predict the structural behaviour
of a protein. It has been reported that unstructured polypeptide seg-
ments with less than 50 residues are quite common among functional
proteins, and that, moreover, ∼ 30% of eukaryotic proteome encodes
for totally or partially Unstructured Proteins [84], and this percentage
increases as increase the complexity of the organism. These particu-
lar proteins (here referred as Intrisically Disordered Proteins (IDP) or
somewhere called Intrinsically Unfolded Proteins (IUP) or Natively
Unfolded Proteins (NUP)) show an unstructured conformation in the
absence of a molecular partner, moreover their structure is not simply
a Random Coil, but it is more similar to an high flexible chain that
can undergo to several conformation rearrangements in the presence
of external agents or during a time evolution [85].

Nevertheless, these IDPs are fully involved into several biological
functions, which are somehow intimately linked to their particular
structure. Moreover, some of these proteins shows different structural
plasticity and well defined conformations and it has been proposed
that this mechanism driving the protein evolution through the mod-
ern protein folding pathway, raising the IDPs as the protein ancestors.
More recent findings, basing on the abundant number of different
IDPs in the most complex organism, that the unstructured conforma-
tion could somehow be considered as the final evolute form [86, 87].

2.3.1 Structure and function of the intrinsically disordered proteins

The discovery of the IDPs is not recent, as they were first described
in [84] during the last years of 1970s. Moreover, these proteins are
hard to been purified directly from the cells, due to their low copies
number, and they are subject to a fast degradation. Nevertheless,
only in the last 20 years the research focused on describing the IDPs:
they were particularly difficult to be characterised by X-ray Crystal-
lography, which is considered as the most powerful technique for
describing protein structure: in fact the disordered regions are visual-
ized as zone lacking electron density. The IDPs started to be investi-
gated after the development of more sensitive techniques, as Nuclear
Magnetic Resonance or Mass Spectrometry, still suffering to the limi-
tations of bulk measurements, like the averaging and the complexity
of the identification of different conformational structures. Finally, in
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the last ten years, single molecule approaches have been employed
also to map the structural complexity of disordered proteins [88, 89]
and to probe their molecular structure.

The function of the IDPs has not been fully explained yet, but it
is clear that the protein disorder must have a functional rationale.
Indeed, it has been proposed that the flexibility of the IDPs along
with their ability to bind an extended number of different ligands and
their big intermolecular interface maintaining a relatively small size
are unique features. Usually, inside an healthy cell, proteins which
fail to fold undergo to an ubiquitin mediated degradation, but this is
not happening for IDPs, suggesting that their fully functional form
may be partially structured when bound to its partner or that their
rapid degradation leads to a functional dynamic regulation [90, 91].

The IDPs hardly could be described by using the protein trinity
frame [82], as, even when they display an high elongation, the IDPs
still displays tendency to form structured elements or cluster of hy-
drophobic residues: these features are extremely important to achieve
the binging/interaction with ligands. For example, the α-synuclein
protein tend to form a partial α-helix structure when it is bound to
a lipidic micelle or to a surfactant [92, 93, 94]. It has been proposed
that the disorder-to-order transition, occurring when an IDP ordinate
its conformation when bound to ligands, has an entropic cost: to
be energetically convenient, its thermodynamic driving force for the
binding reaction should be consequently a favourable enthalpic con-
tribution. This binding-coupling combination could be described as
highly specific but of low affinity. More recently, this concept had
been overcome by Borgia et al. [96] in which an ultrahigh-affinity
protein complex between two intrinsically disordered proteins was
described. In particular, the histone H1 and its nuclear chaperone
prothymosin-α had found to associate in a complex with picomo-
lar affinity, but fully retaining their structural disorder, long-range
flexibility and highly dynamic character. This unexpected interac-
tion mechanism can be explained by the large opposite net charge
of these two proteins, without requiring structurally defined binding
sites. In general, the energy landscape of IDPs is more lable than
the structured proteins, little microenvironmental changes, like the
presence of ligand, increase or decrease of pH or ionic strength, the
presence of metals or alcohols, could change the IDP energy funnel,
driving the proteins to different structural states. In most cases, the
ID proteins are bound to a partner in physiological state, showing a
structured or partially structured configuration. When these proteins
are purified for in vitro measurement the IDPs start showing their
disordered proprieties [95]. It has been demonstrated that the cellu-
lar crowding is not sufficient to induce the IDP folding [97], also by
considering the evidence that the extracellular IDP, physiologically
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living in a less-crowded environment, show the same unstructured
conformation [98].

Furthermore, some IDPs, such as the prothymosin-α, adopt un-
structured conformations even in absence of the binding partner in
cells as shown in [99] by single molecule fluorescent measurements in
living cells. By using nuclear magnetic resonance and electron para-
magnetic resonance spectroscopy in living mammalian cells, Selenko
and co-authors showed that the disordered nature of monomeric α-
synuclein protein is preserved in both neuronal and non-neuronal
cells [100].
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2.4 α-synuclein

The human α-synuclein (AS) is a small protein constituted by 140

amino acids which belongs to the synucleins family [101], and it is
encoded by the SNCA gene. It is an acidic, soluble and heat stable
protein, with an observed molecular weight of approximately 14.5
kDa [102]. AS does not acquire a secondary structure when purified
from heterologous expression system, for this reason it has always
been considered an intrinsically disordered protein [103]. The pri-
mary structure of AS is usually divided into three different parts:
N-terminus, which can acquire a secondary structure, non-β amyloid
component (NAC domain) and C-terminus, always disordered [104]
(see Fig.2.12). The amino-terminal sequence of AS is constituted by
the first 60 amino acids and is almost entirely composed of variants
of an imperfect 11 amino acid repeat [105] (Fig.2.12). It can form,
along with the NAC region, an amphipatic α-helix responsible for
AS interaction with lipidic membranes [92, 106]. The single point mu-
tations A30P, E46K and A53T [107, 108, 109] which are marker for
familial form of Parkinson’s Disease (PD) are all located in this re-
gion, accounting for variation in protein-membrane interaction or in
protein aggregation propensity. Recently, other two mutations have
been found in this region: H50Q [110] and G51D [111] (Fig.2.12).

The second region, the so called NAC portion, ranges from residue
61 to residue 95. This segment is the most hydrophobic portion of the
protein and it is believed to be responsible for the primary intramolec-
ular interactions that cause AS misfolding and aggregation. The NAC
is the second major component of amyloid plaques in the brains of
Alzheimer’s Disease (AD) patients [103], acquiring a β-sheet struc-
ture when AS forms amyloid fibrils [112]. Recently, the functional
mutation E83A has been discovered in this core region of AS, sug-
gesting a possible role for the E83 residue in preventing protein ag-
gregation. As a matter of fact, the E83A mutant has been reported to
form cross β-structures involved in fibrils formation and aggregation
[113].

The last portion of the AS protein constitutes the C-terminus,
which includes 14 acidic residues and does not acquire a defined sec-
ondary structure in solution. However, it has been shown to regulate
fibril formation, both when AS is bound to the membranes and when
it forms amyloid fibrils [114].

AS is a good conserved protein among many different types of
organism. The human AS gene (SNCA) encodes three different iso-
forms by alternative splicing [115, 116]. The major and most abun-
dant isoform is derived from the complete protein transcript, and
is, indeed, 140 amino acids in length. The two other AS isoforms,
SNCA-126 and SNCA-112, result from in-frame deletions of exons 3

(residues 41-54) and 5 (residues 103-130), respectively. The different
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Figure 2.12.: Primary structure of AS. (Top) The imperfect 11 amino acid
repeats are emphasized, and the more conserved residues are
represented in boldface. In the AS sequence (Middle), the three
different regions that compose the protein are indicated. The
N-terminal amphipatic region contains most of the repeats and
the five point mutations linked to autosomal dominant early-
onset PD (A30P, E46K, H50Q, G51D, A53T). The central region
(NAC), which encompasses the most hydrophobic residues,
promotes aggregation. The functional point mutation that was
found in this region, E83A, is indicated. Finally, the acidic C-
terminal portion of the protein that was shown to have a role
in decreasing protein aggregation. In pink the three mutations
discussed in this Thesis are highlighted. Figure inspired by
[105].

functions of the three isoforms are not totally understood, indeed the
majority of the studies have focussed on the role of the full length
protein.

2.4.1 Conformations and Structural Organisation

Several studies concluded that, differently from the in vivo findings,
the purified AS forms a natively unfolded structure in solution [95].
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These conclusions were supported by isolation of the AS protein from
several different sources (brain tissue, mammalian and bacterial cells)
[117]. Additional studies proposed that the AS is present in a native
tetrameric structure [118], in an oligomeric tertiary structure [119] or
α helical octamers [120].

The debate on AS native structure is not closed yet, but the current
picture depict an AS capable to exist into a wide range of different
conformations depending on the environment, binding partners or
membrane bilayers.

2.4.2 Physiological Function

The AS is highly expressed in the brain (representing up to 1% of
protein content in neuronal cytosol) and is the most abundant compo-
nent of the Lewy body (LB), proteins aggregates found in dopaminer-
gic neurons, which are typically of the Parkinson’s disease (PD) and
other neurodegenerative disordered, called synucleopaties. Despite
the massive presence of this proteins, its physiological function has
not been clearly elucidated yet [121, 122]. The majority of the AS,
both the free and AS:plasma-membrane bound protein, vescicles or
micelles, populates the presinatic-termini. Several studies suggested
that the AS plays a role in endoplasmic reticulum-Golgi vesicle traf-
ficking and synaptical function in the nervous system. It may also
help regulate the release of dopamine (DA) in the brain. A consider-
ably relevant portion of AS (15%) is, indeed, usually bound to mem-
brane, and some studies suggested an antioxidant effect of AS. The
flexible structure of the AS, and the in vivo presence of both unstruc-
tured components as well as more structured ones, seems to play a
key role in the molecular recognition of their partners, such phospho-
lipids, ligands and proteins. Indeed, AS has been described to specif-
ically interact with several proteins involved in signal transduction,
ubiquitin-proteasome system, vescicular recycling, synaptic function-
ality, regulation of oxidative stress and mitochondrial function [121].
The free AS in solution usually displays a lack of tertiary structure,
while secondary-rich AS structures were found when bound to small
micelles (α-helix) or when undergoes to pathological amyloid fibril-
lation (β-sheets).

2.4.3 Role in Parkinson’s Disease

The initial link between AS and the synucleoinopathies was estab-
lished by its isolation form insoluble aggregates in neuronal tissues
of Alzhaimer’s Disease (AD) patients. The AS was then associated
with the Parkinson’s Disease (PD) with the first discovery of A53T
point mutation [109]. After the AD, the PD is one of the most com-
mon neurodegenerative disease in familiar form of the pathology, it
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is mainly characterized by an extensive loss of dopaminergic neuron
in the substantia nigra, leading to clinical insurgence of several move-
ment disorders [123]. The main pathological features are the intra-
neuronal Lewy bodies (LB) and Lewy neurites, which are aggregated
protein deposits, mainly consisted of AS. Here comes the consider-
able interest in investigate AS aggregation and its role in neurode-
generative diseases. Several studies have been conducted to elucidate
the conformational structure of the AS involved in misfolding and
oligomer formations. Studies focused on the detection the AS in the
presinaptic compartiments suggest a potential involvement into the
neurotransmission-related pathways [124].

2.4.4 Fibrillation and Aggregations

Due to the presence of aggregative deposits of AS into LBs and the
PD-related single point mutations that could affect AS stability, func-
tionality and aggregation propensity, a significant effort was put over
the years into the study of the AS aggregation process in vitro.

While wild type AS (WT-AS) in vitro shows a prevalence of na-
tively unfolded conformations, in several conditions the AS acquires
a structure that has a high propensity to aggregate. It has been pro-
posed that this propensity to aggregate could be strictly connected
to the pathological misfolding. It is still not clear how the conver-
sion from an unfolded form to a defined structure occurs, but it is
probably involved in the initial process of oligomers formation. The
majority of the studies are focused on two different conditions: in
solution or at the lipidic membrane interface [126].

AS conformational changes were studied in solution by nuclear
magnetic resonance (NMR) and molecular dynamics (MD) [127, 128,
129], single molecule fluorescence techniques (SMF) [130, 131] or af-
ter a phase-gas transfer by native mass spectrometry (native MS)
[122]. All these studies identificated long range interactions between
C-termini and the core of the AS protein (NAC region) and highlited
a continuous rearrangements of the two termini, suggesting that the
unfolded state of AS in solution is constituted by an ensemble of
different, transient and dynamic conformations. Some of these con-
formations can be, in particular conditions, prone to establish tran-
sient or stable bounds with other AS molecules, driving to protein
oligomerization [105].

In the presence of lipid membranes, it was observed an increased
level of AS aggregation propensity, indicating that AS α-helical struc-
ture directly converts into a β-sheet aggregation prone conformation,
as it has been shown for other amyloidogenic proteins [126].

The first step of AS monomers self-interaction is mainly driven by
hydrophobic interactions due to a hydrophobic stretch in the mid-
dle of AS NAC sequence (from residue 71 to 82), constituted by 12
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amino acids (VTGVTAVAQKTV). After this, monomers start to aggre-
gate and form oligomeric-like species. As soon as their concentration
reaches a critical point, these oligomers may be rapidly converted into
protofilaments, protofibrils and, finally, into amyloid fibrils [112, 132].

Recently, it has been proposed that the AS oligomeric species were
the most toxic aggregation intermediate in the AS fibrillization path-
way [133]. Indeed, it was observed that the AS PD-linked A53T and
A30P mutants shared an accelerated oligomerization in vitro, but not
an accelerated fibrillization, suggesting that an increased fibrillization
rate is not directly linked to a higher cytotoxicity in PD [134]. Accord-
ingly, also the E46K mutant, which shows an increased aggregation
rate with respect to WT-AS, has been demonstrated to form soluble
non fibrillar species [135].

The biophysical characterization of AS oligomeric species is par-
ticularly difficult, by the fact that they often form a very heteroge-
neous ensemble, constituted by transient species that are difficult
to isolate and analyse [133]. However, several efforts were put in
the study the oligomeric species [134, 135]. These studies focused
on analysing the aggregation deposits obtained from the pathologi-
cal mutants and found a heterogeneous ensemble of oligomers and
protofibrils. Some of these soluble oligomers and protofibrils showed
annular or elliptical shapes, probed by atomic force microscopy and
electron microscopy, with diameters going from 4.5 to 55 nm. The
estimation of the average number of AS monomers constituting these
oligomers goes from 16 to more than 42 [136].

Several problems arose from the in vitro studies of these species:
oligomers structures, morphological and functional characteristics
are extremely dependent on experimental conditions employed both
for their formation and their analysis. The final oligomeric picture
shows a wide variability in the obtained structure: these oligomers,
mainly obtained in vitro, are not always found in vivo. The most recent
efforts concern mainly their characterization in a more physiological
environment [105].

The structure of AS amyloid fibrils has been characterized by sev-
eral complementary techniques, such AS AFM or SEM imaging and
MD. The obtained data suggested that AS fibrils have a β-sheet core
region (including not only the NAC domain), not exposed to the sol-
vent and organized in an ordered in-register parallel structure with
β-strands planes perpendicular to the fibril axis. 5 or 6 β-strands,
turns and loops were identified within this core region. Moreover, N-
terminus showed a more heterogeneous and less ordered structure,
remaining still quite rigid, while C-terminus was described as flexi-
ble and completely unfolded [105].
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2.4.5 Interaction with ligands and point mutations

AS fibrillization is strongly affected by various factors that can en-
hance or inhibit aggregation or rearrange the structural conformation
of the protein. It has been shown, by AFM imaging and dynamic
light-scattering, that fibrils elongation rate is directly proportional to
protein concentration [138], which is in good agreement with the fact
that SNCA gene triplication, responsible for rare and aggressive ge-
netic PD forms, causes an increased dosage of AS [139].

Covalent chemical modifications of AS, such as nitration, oxidation
and phosphorylation (S87 and S129), lead to variation in the rate and
in the final products of the aggregation process. For instance, it has
been demonstrated that the oxidation of AS drives its oligomeriza-
tion, while the monomeric and dimeric nitrated AS promoted fibril
formation [140].

A recent study has discovered that AS constitues a highly efficient
target for mid-chain arginylation and is arginylated in vivo on two
E residues, E46 and E83, that are implicated in familial cases of PD
[141].

Divalent and trivalent metal ions (such Al3+, Cu2+, Fe3+ or Pb2+)
have been shown to strongly accelerate AS aggregation rate in vitro.
The effect of these compounds suggests a critical role for electrostatic
interactions in the aggregation rate modifications.

2.4.6 AS interaction with EGCG

Epigallocatechin-3-gallate (EGCG) is a polyphenol that belongs to the
catechins family, naturally produced by the Camellia sinensis plant
specie. The EGCG structure consists of four rings resulting from the
esterification of epigallocatechin (EGC) with gallic acid. EGCG’s nu-
merous hydroxyl groups as well as its conjugated structure, ideal for
electron delocalization, confer on this molecule important free radical
scavenging properties [143].

It has been demonstrated to have a neuroprotective role in
PD on the basis of its anti-oxidative, antiinflammatory, and fibril-
destabilizing effects. It has been also shown to cross the BBB and
to be well tolerated in humans. There are still some obstacles regard-
ing its rapid metabolization in the liver, although several new drug
delivery systems, such as encapsulation of EGCG in nanoparticles or
nanolipidic capsules, have shown promising results for increasing the
bioavailability of EGCG [142].

EGCG is capable of modulationg the misfolding of proteins by di-
rectly binding to unfolded polypeptide chains and forming unstruc-
tured, nontoxic oligomers intead of the ordered β-sheet-rich aggre-
gates [143]. In the case of AS, EGCG not only inhibits the conforma-
tional transition from random coil to β-sheet confomers, but it has
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been shown also to be capable to disaggregates the amyloid fibrils
in a dose-dependent manner. Therefore, it could be speculated that
when the AS is in an unfolded conformation, EGCG may block the β-
sheet formation in the core amyloidogenic sequence, thus effectively
inhibiting the self-assembly of AS fibrils [143].

Furthermore, all-atom MD simulations have confirmed that EGCG
could to reduce the structural stability of AS fibrils and remodel them
by converting the ordered structure into the disordered one. Three
possible binding sites of EGCG on the surface of AS fibrils were found
and it was shown that EGCG is capable of binding AS by hydropho-
bic interaction and H-bond interactions at the area rich in β-sheet
secondary structures [144]. In figure 2.13 there is an exemplification
of the interaction between EGCG and AS pentamer at the molecular
level.

Figure 2.13.: A) Molecular models of AS decamer.
B) Molecular models of AS pentamer.
C) Molecular structure of EGCG.
D) An exemplfication of the static interaction mode of EGCG
and S3 site of AS.
Figure adapted from [144].

2.4.7 AS interaction with Dopamine

A common pathway, involving DA-dependent oxidative stress, has
been put forward to explain the death of dopaminergic neurons in PD.
Defects in the sequestration of DA into synaptic vesicles in dopamin-
ergic neurons from the substantia nigra could enable undesired DA:AS
interactions and form toxic intermediates found in LBs [146]. It has
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been reported that AS changes its structure in response to DA, or
most likely to by-products of DA oxidation, adopting a conformation
where its N- and C-termini become closer together, thus, inhibiting
AS fibrils formation and leading to the accumulation of AS oligomeric
species via an alternative folding pathway [145].

The DA binding site of AS is located on the C-terminal region of
the protein at 125YEMPS129 which is highly negatively charged. This
region was implied in the modulation of DA induced aggregation.
AS:DA interactions are further stabilized by long-range electrostatic
interactions with E83 in the NAC region, as reported by NMR and
MD simulations [147]. Therefore, in the case of the functional mutant
E83A, the replacement of E with A should act in the opposite way.
The E83A mutation in the NAC region is, indeed, known to strongly
impair the ability of DA to inhibit AS aggregation. This could be
due to the destabilisation of AS:DA interaction, by either hindering
DA binding or by altering some properties of the NAC region. This
means that both the C-terminus and the NAC region are necessary
for the inhibition of AS fibrillization by DA [148].

Electrospray-ionization-ion mobility spectrometry-mass spectrom-
etry (ESI-IMS-MS) experiments have shown that the DA molecules
bind exclusively to the extended conformation of AS, while binding
is not observed in the compact state of the protein [147].

This result was confirmed by a more recent work, in which the
structural effects of the binding of EGCG and DA to AS were com-
pared [149]. From this study, which is further discussed in part II, it is
shown that EGCG-AS binding prefers a compact conformation, while
DA binding leads to a more extended protein-ligand complexes. The
two compounds are expected to yield AS aggregates with different
structural properties and toxicities, thus, reducing the amyloid fibril-
logenesis.
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2.5 as characterisation in biophysics

The structure of AS has been widely studied in biophysics, principally
for its peculiar role in neurodegenerative diseases. Indeed, in the last
years, the AS was considered the perfect model for further studies
of IDPs conformations. Historically, the first techniques employed
for AS structure investigations were common biophysical bulk assays
sensitive to the presence of secondary structure [150]. More recently,
very sensitive methods, such as native MS, single molecule techniques
(both force spectroscopy and fluorescence-based) and computational
approaches, i.e. MD, have been developed.

2.5.1 Low-Resolution Biophysical Analyses of AS

Early characterization of AS secondary structure utilized circular
dichroism (CD) spectroscopy [151]. Analysis of the CD spectrum of
free AS led to estimates of less than 2% α-helix structure and nearly
70% random coil content in solution. The founded Stokes radius was
consistent with a globular protein of 57 kDa rather than 14.5 kDa ex-
pected for the AS. Small-angle X-ray scattering (SAXS) was employed
to determine the radius of gyration produced by AS X-ray scattering
curves of ∼ 41Å instead of 15.1Å estimated for a globular protein or
52Å calculated for a completely unfolded polymer of the same size
[152, 153]. Thus, AS was found to lack significant secondary structure
and to adopt a conformation which was slightly more compact than
the extended random coil state. Fourier-transform infrared (FTIR)
spectroscopy displayed a broad peak at 1650 cm−1, supporting the
notion of an high degree of structural disorder [153].

2.5.2 NMR Spectroscopy-Based Analyses of AS

Paramagnetic relaxation enhancement (PRE), which exploits the al-
tered relaxation rates of nuclei and enables identification of inter-
atomic interactions distances up to 25Å apart [150], was employed
to detect the conformational structure of AS. The data, both exper-
imental and simulated, obtained by PRE investigations, suggested
non-random, long-range interactions between the N- and C-terminus
of free AS, compatible with a partially compact structure [154, 155]
or a continuum of dynamics and transient conformations [156].

2.5.3 Native MS of AS

Native MS has developed into a central tool for structural biology,
conjugating its strong analytical power with structurally meaning-
ful information. Indeed, intact proteins can be infused into the
mass spectrometer and mild desolvation/ionization methods prevent
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backbone fragmentation and can also preserve non-covalent inter-
actions, such as those responsible for protein folding and binding.
The analysis of charge states populated by globular and disordered
proteins by native MS has shown effects of denaturants, stabilizers,
metal binding, and protein:protein interactions [157]. The applica-
tion of native MS to free AS protein in solution revealed multimodal
charge-state distributions (CSDs), which are suggestive of a confor-
mational ensemble populated by different conformers, in line with
both the in vitro and in vivo evidence obtained for other studies
[157, 158, 159, 160].

Native MS has described conformational responses of AS to alco-
hols, pH, and copper binding [122, 161] and also suggested that bind-
ing of DA and EGCG have distinct structural effects on AS soluble
monomers [149, 162].

2.5.4 Single Molecule Fluorescence of AS

Fluorescence techniques are usually employed for studying the ki-
netics of aggregation of AS by turbidity or Thioflavin T (ThT) fluo-
rescence essays. In particular, early stages of AS aggregation can be
follow with fluorescence correlation spectroscopy (FCS), which is a
technique that allows the determination of one molecule’s size by an-
alyzing its free diffusion [163]. However, these approaches do not per-
mit the structural study of a single AS monomer in solution, due to
their big signal fluctuations. Recently, single molecule fluorescence-
based techniques (SMF) have started to have a key role in the con-
formational study of AS and other IDPs [164, 165, 166]. Among
these, the single-molecule intermolecular Fluorescence Resonance En-
ergy Transfer (smFRET) was employed to study the transition from
monomers to small oligomers of both WT-AS and mutated AS [167]
and WT-AS at different pH [168], providing unique insights in the
description of initial aggregation.

2.5.5 Single Molecule Force Spectroscopy of AS

The co-existence of several species of the same protein in solution at
equilibrium, some of which may be scarcely populated, makes an-
alyzing IDPs a particularly challenging task using established bio-
physical techniques [169]. By contrast, SMFS techniques provide the
unique ability to tackle this problem being able to reveal monomeric
conformers, without suffering by averaging. SMFS have already
been employed to monitor the activity and conformation of proteins
with structural plasticity, resolving fast fluctuations (20-300 ns) at the
monomeric level [170]. Moreover, the nanomanipulation at the sin-
gle molecule level has the unique opportunity of directly measure
the forces involved in stabilization of the intramolecular interactions,
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from here called mechanical stability, and to directly correlate the me-
chanical stability of a IDP with its conformation.

In particular, AFM-based SMFS was widely employed to study the
conformational equilibrium of monomers, and even to detect rare
forms. The mechanical stability of a protein is strictly linked to its
secondary structure, it is known that the β-strucure is usually more
mechanically stable than α-helix and disordered conformations.

Several SMFS studies of AS employed the classical approach, in
which the AS was placed in series with the marker I27 repeats
[88, 89] or by inserting the AS as a guest inside a carrier protein of
well-known mechanical properties (which usually displays an higher
mechanostability with respect to the markers) [169, 171]. Both these
approaches resolved different conformers for WT and mutant-AS,
suggesting that the most mechanostable structure could be linked to
the existence of a β-sheet structure while the weaker one was related
to unfold and unstructured conformations. It is common to obtained
other conformations, i.e. a mechanically weak intermediate state [88]
or an higher mechanostable structure [169].

2.5.6 Molecular Dynamics of AS

In contrast to ordered proteins, IDPs are usually represented by a
broader variety of structures in MD studies, reflecting the conforma-
tional freedom of the IDPs [172]. The majority of the MD studies
focused on the early stages of AS aggregation, i.e. from monomers
to small oligomers, or on the contribution of a specific component.
Moreover, the results obtained from simulations of AS strongly de-
pend on the set of force-field parameters employed to describe the
energy of an IDP and its interactions with the aqueous solvent [173].
It is particularly common to found several different conformers, rang-
ing from unstructured to more compact forms. For example, a re-
cent work for AS free in solution described three different confor-
mations: compact globular structures containing a few distinct sec-
ondary structure fragments (1) and two conformations characterized
by reflecting long-range electrostatic interactions between N- and C-
terminus (2) or intermediated sub-domains (3) [174].
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3
D N A

3.1 biology of dna

The DeoxyriboNucleic Acid (DNA) is a biomacromolecule composed
by a two chains, which coil around each other to form an intermolecu-
lar double helix carrying all the genetic informations of an individual.
The two DNA strands are linear polymer composed by nucleotides.
Each nucleotide is composed of one of four nitrogen-contining nu-
cleobases (purines: adenine [A] and guanine [G]; pyramidine: cy-
tosine [C] and thymine [T]) and a desoxyribose-phosphate backbone
(Fig.3.1). In the double-helix configurations, Adenine is always paired
with Thymine via two hydrogen bonds and Guanine is always paired
with Cytosine via three hydrogen bonds, while two consecutive nu-
cleotides are connected to each other via covalent phosphodiester
bonds between the sugar of one nucleotide and the phosphate of the
next [64, 65].

3.2 structure of dna

The discovery of the double-helix structure of DNA in 1953 by Watson
and Crick [175], thanks to further X-ray diffraction images obtained
by Rosalind Franklin, started the modern biology molecular. The
Watson-Crick DNA structure is the so-called B-form, which is the
fundamental and more widespread structure. Other DNA-structures,
discovered years later, are A-form and Z-form.

Despite of the great variability of DNA sequence, which reflects
the genetic information carried by each organism, the structure of
DNA molecules follows the same base-pairing rule between the two
strands. The nanomechanics of DNA is widely explored principally
in biophysics. It is studied because of DNA peculiar characteris-
tics: indeed the double-stranded DNA (dsDNA) biomolecule is stiffer
than artificial polymers and than most of other natural polymers
[176]. This rigidity comes from both the hydrogen bonds of base-
pairing and the base-stacking, which is the main component in deter-
mining the bending stiffness.
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Figure 3.1.: (a) The sugar-phosphate backbones are on the outside of the
double helix and purines and pyrimidines form the "rungs" of
the DNA helix ladder. (b) The two DNA strands are antiparal-
lel to each other. (c) The direction of each strand is identified
by numbering the carbons (1 through 5) in each sugar molecule.
The 5’ end is the one where carbon #5 is not bound to another
nucleotide; the 3’ end is the one where carbon #3 is not bound to
another nucleotide. Hydrogen bonds form between complemen-
tary nitrogenous bases on the interior of DNA (A-T and G-C
couple). Fig. taken from Lumen Learning.

3.2.1 B-DNA

The canonical form of the DNA double helix in aqueous solution is B-
DNA, a right-handed double helix where each base-pair (bp) has an
angle of about 34◦ with the previous one [177, 178], with an helical
period of is approximately 10.5 bp per turn and an helix rise of ∼

0.34 nm per bp. The external diameter of the hydrated double helix
is about 2nm [179, 180, 181]. B-DNA double helix is not perfectly
symmetrical, indeed it has two distinct grooves, a major groove 12aa
wide and a minor groove 6aa wide. The geometry of the grooves has
a very important biological role, because there are several proteins
or drugs that recognize specific sites on DNA through the binding
with these grooves [182]. The rigidity to B-DNA is quantified by a
persistence length (Appendix D.3) of about 50nm, which is about fifty
times larger than the one of artificial polymers, such as polystyrene
[64].

3.3 protein :dna interaction

Almost all the functions carried out by the DNA molecules involve
interactions with proteins, in specific (i.e. the protein could bind a
specific DNA sequence) or non-specific way.
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Among all the interactions existing between DNA and proteins,
proteins involved into the transcription, replication and structural re-
arrangement and package of DNA are particularly important.

3.3.1 From DNA to Chromosome

The DNA in a human cell is approximately 2m-long and is organized
into a precise and compact structure, to fit into the nucleus of a cell
of ∼ 5− 10µm in diameter.

Figure 3.2.: Cartoon of structure arreangment of DNA into Chromosome.
[Adapted from Riken©]

Consequently, DNA is combined with proteins and organized into
a dense string-like fiber called chromatin. Each DNA strand wraps
around groups of small protein molecules, the histones, forming a
series of bead-like structures, the nucleosomes, connected by DNA
strands (Fig.3.2). Due to this compaction, the negative charge of the
DNA molecule is neutralized by the positive charge of the histone
molecules,the inactive DNA can be folded into inaccessible locations
until it is needed, but, on the other end, it must be able to decondense
to perform its functions in gene expression and genome maintenance.
Despite this historically picture of DNA condensation into chromo-
some, new insight suggest a condensin-mediate mechanism which
can stochastic cross-link freely diffusing chromatin fibres [183]. The
principal proteins that shape chromosomes into their definitive com-
pact structure are the Structural Maintenance of Chromosomes (SMC)
protein complexes [183].
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3.3.2 SMC Complexes

The Structural Maintenance of Chromosomes (SMC) complexes,
which include, among eukaryotes, cohesin, condensin and Smc 5/6, are
the major components in chromosomes.

Figure 3.3.: (a) General architecture of SMC complexes (two SMC proteins
connected at the hinge). In prokaryotes, the complex is a ho-
modimer, whereas eukaryotic complexes are heterodimeric. The
opposite ends of the SMC proteins possess ATPase activity. A
kleisin subunit completes the ring. (b) Overview of prokaryotic
SMC complexes. (c) Overview of eukaryotic SMC complexes.
Fig. taken from [55].

These complexes have a ring-shape structure and it has been
demonstrated that they topologically encircle DNA strands, by a ATP
hydrolysis (Fig.3.3). The SMC complexes can trap more than one
DNA strand, and they are indispensable in a plethora of different
essential mechanism, as chromosome condensation, sister chromatid
cohesion and DNA repair.

The first SMC complex was isolated by Niki et al. [184, 185] from an
E. Coli mutant: the mukB protein, consisting in a amino-and-carboxyl-
terminal globular ATPase domains separated by two long and flexible
stretches of coil-coil.

Early on, the role of the SMC complexes in chromosome structural
organisation and shape and segregation was proved, together with
the understanding that in eukaryotes, they are the principal core of
multi sub-unit protein complexes. Particularly, the cohesin complex
is essential for mediate sister chromatid cohesion [186, 187], while
the Smc5/6 plays a role in repair DNA [188] and the condensin is the
main palyer in chromosome condensation [189, 190]. Although these
three complexes are essential for life, they partially overlap their roles.
It has been claimed that condensin is an ATP-powered molecular mo-
tor [54, 55], while no evidence have been observed for cohesin and
Smc5/6 yet.
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3.3.3 Architecture of SMC complexes

The SMC complexes are all characterized by a ring-shape structure,
made up by two long stretches coil-coil of the two SMC subunits,
connected to one end by a stable dimerisation interface, the hinge[55].

At the opposite end an ATP binding subunit is present (ATP-
binding cassette, ABC). The heads are held together by a kleisin sub-
units and a ATP-dependent dimerisation [191, 192, 193, 194, 195].

This ring-shape led to the hypothesis that it can bind the DNA by a
topological embrace, even if how the DNA enters and exits from the
ring is not totally assessed.

3.3.4 Condensin

The structural maintenance of chromosome (SMC) protein complex
condensin plays a central role in chromosome structure regulation
[196, 197]. Like the other SMC complexes, the condensin shows
a ring-like structure [198]. In particular, the condensin protein has
an heterodimer of Smc2 and Smc4 subunits, connected at a globular
hinge and fold back to form a 45-nm long flexible coiled coils arms and
an ATPase domain at the other end. To complete the ring structure,
the two Smc2 and Smc4 coils are connected by a kleisin-like protein
(Brn1), which is lined to other two additional subunits, consisted by
HEAT-repeat motifs (Ycg1 and Ycs4) (see Fig.3.4). As reporte in [198],
the condensin protein could adopt several different shapes: while the
the coils coils are always connected at the hinge, the other two ends
of the Smc2 and Smc4 populate different conformational classes.

3.3.5 Models of DNA:SMCs interaction

All the SMC complexes are thought to promote genome architecture
by physically linking distal chromosomal loci, but this bridging mech-
anism is still unknown [58]. In the last three years, several models
have been proposed, trying to describe the interactions between SMC
complexes and DNA.

Extrusion Models

The loop extrusion model, proposed by C. Dekker and coworkers
[58, 54, 55], suggests that the condensin is actively creating the DNA
loops. This model is supported by both dynamic polymers simulation
and experimental evidences, and could explain the three-dimensional
features of eukaryotic chromosomes. However, the loop extrusion
model remains hypothetical, because the motor activity of proteins
for driving loop extrusion is not yet identified. Recently, Hassler et
colleagues [199] proposed three interplaying loop extrusions models
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Figure 3.4.: A) Cartoon of the eukaryotic condensin complex. Smc2 and
Smc4 heterodimerize via their hinge domains. The kleisin sub-
unit associates with the Smc2 and Smc4 ATPase head domains
to create a ring-like structure and recruits two additional sub-
units. (B) Example image of Smc2-Smc4 dimers imaged by ro-
tary shadowing EM. (C) Example image of Smc2-Smc4 dimers
imaged by dry AFM. (D) Example images of different confor-
mational classes of Smc2-Smc4 dimers from high-speed liquid
AFM movies. The frequency of each conformational class (as
fraction of 1.795 total frames from 18 movies) is indicated. V-
shaped, SMCs are connected at the hinge but the heads are not
engaged; O-shaped, the heads are engaged with each other; B-
shaped (butterfly), both heads are engaged with the hinge; P-
shaped, one of the heads is engaged with the hinge. Fig. taken
from [198].

based on ATP-hydrolysis-mediated changes in the geometry of the
SMC coiled-coil arms, which can explain the ability to overcome the
challenges of translocation on chromatin fibers, where nucleosomes
and other DNA-bound proteins pose physically obstacles (Fig.3.5).

The Random Cross-Linking Model

The random cross-linking model claims that DNA loops might be sta-
bilized by stochastic binding of two SMC complexes to bridge distal
chromosome loci [200]. Moreover, the low rates of ATP hydrolysis
with respect to other known nucleic acid motor proteins, implies that
the SMC complexes would not be efficient in biologically time scales.
However, this discrepancy can be explained if SMC proteins are able
to take large steps, which is conceptually possible given their large
size of > 50 nm.

The Sequential Walking Model

This model suggests that the two SMC ATPase head domains sequen-
tially bind DNA (Fig.3.5 A) and, while one head attaches the complex
stably to DNA, the other ATPase head contacts another binding site
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Figure 3.5.: (A) Sequential walking model. (B) DNA pumping model. (C)
Extended scrunching model. Note that the sequential walking
model makes no assumptions about the SMC coiled coil confor-
mations, whereas the pumping model assumes stiff coiled coils
that are under tension when bent open. The extended scrunch-
ing model postulates that SMC coiled coils alternate between
stiff and relaxed states. Fig. taken from[199].

on the same DNA molecule. It is assumed that SMC–kleisin ring ar-
chitecture remains intact until the DNA binding of the second ATPase
head triggers a conformational change that releases the first head po-
sition to start the next step of the translocation cycle. This model is
completely compatible for the 16-nm step sizes that have been calcu-
lated for condensin’s movement along DNA [58] while bigger steps
could be explained by a relaxed DNA, easier to compact. This model
fails in describing the translocation of the condensin in the same di-
rection for long distances and an alternate binding of the complex to
DNA is not clear in biochemical assays.

The DNA Pumping Model

A second model relies on pseudo-topological DNA loop trapping be-
tween the two open SMC coiled-coils (Fig.3.5 B). After an ATP hy-
drolysis, the coiled coils zip up and a portion of the entrapped DNA
loop is pushed towards the free ATPase heads. Later on, the heads
re-engage, the SMC coiled coils return to the open conformation ring
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and the base of the DNA loop is now entrapped within a second sub-
compartment between the engaged ATPase head domains and the
kleisin subunit. This non-conventional model fails in describing how
the DNA loops could be caught between the SMC coiled coils and
how the mono directionality is ensured.

The Extended Scrunching Model

The scrunching model (Fig.3.5 C) was initially proposed by Dekker
and coworkers [58] and extended later on by Hassler et al [199]. In
this model, the ATPase cycle powers the conformational transitions
between coiled-coil opening and closure providing DNA access to
either of the two DNA binding sites. Stiffening of the SMC coiled-
coil arms provides the power stroke that places the hinge at a ∼ 50-nm
distance to the head domains. In this model, loop extrusion would
be achieved through DNA attachment to an additional, constitutive
anchor site, which ensures that condensin drags the DNA helix into
a loop while it translocates.

This model explains some evidences of DNA loop extrusion, and it
might be able to explain condensin steps significantly larger than 50

nm, and it is not dependent to preformed DNA loops, but instead al-
lows SMC complexes to initiate loop formation. Therefore, this model
does not explain how condensin backwards steps could be prevented
and how would the hinge and head domains know that they have
come into proximity before handing over DNA binding.

Elbows models

More recently, Bürmann and coworkers [201], showed that two SMC
complexes, MukBEF and cohesin, present a dynamic coiled-coil dis-
continuity, called the elbow, near the middle of their arms that permits
a folded conformation. They proposed a new model which implies
the bending at the elbow brings closer the hinge dimerization do-
main and the head–kleisin module, leading on a model that include a
large conformational change in SMC arms, and a relative movement
between DNA contact sites during DNA loading and translocation.
The two proposed models for DNA translocation and loop extrusion
involve an intermediate folded state (Fig.3.6). The first model, inch-
worm translocation uses distance changes between two DNA binding
sites, either of which might be a topological entrapment device or
ring, formed by the SMC heads and the kleisin. Folding at the elbow
might cause the distance change. The second model, the segment-
capture mode, describes the translocation using the segment-capture
mechanism that enlarges a loop held in a bottom chamber by merg-
ing with a smaller loop captured in a top chamber. Folding at the
elbow might drive DNA from top to bottom.
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Figure 3.6.: The two elbow-based modes: the inchworm mode (Right) and
the Segment-capture model (Left). Fig. adapted from[201].

Despite the great number of models proposed, the real mechanism
of SMC trapping DNA is not fully explained right now. Some ev-
idence in loop extrusion models have been reported for condensin
and yeast cohesin, while recently Gutierrez-Escribano and colleagues
[202] have reported a DNA bridging activity that requires ATP and
is conserved from yeast to human cohesin, by two distinct classes of
bridges at physiological conditions, a permanent bridge able to resists
high force (over 80 pN) and a reversible bridge that breaks at lower
forces (5-40 pN). The models which can explained this feature are a
two-compartment model, the 3-bar-buckle and multiple compartment (pret-
zel) models, or different compartments of two cohesin complexes, the
handcuff model. However, since these last three models were proposed
for the explaining the mechanism of cohesin protein, they won’t be
exhaustively explained here. Indeed, even if the finding of a unique
SMC:DNA interactions model is still a challenge, it is also possible
that two different SMC complexes have different ways to compact
the DNA, explaining also the different function they have into the
living organism.

75





Part II

D E P I C T I N G C O N F O R M AT I O N A L E N S E M B L E S
O F α - S Y N U C L E I N B Y S I N G L E M O L E C U L E

F O R C E S P E C T R O S C O P Y





4
α - S Y N U C L E I N S I N G L E M O L E C U L E F O R C E
S P E C T R O S C O P Y

Intrinsically disordered proteins (IDPs) play crucial regulatory roles
in biological systems and lack a well define and specific tertiary struc-
ture under physiological conditions in vitro, showing an elastic and
extended conformation (Section 2.3)[203, 204, 205, 206]. The molecu-
lar characterization of IDPs requires description of the heterogeneous
conformational ensembles populated by the disordered polymers in
solution. Trying to depict such a complex frame by using traditional
structural technique, like x-ray crystallography, is still really challeng-
ing, suffering from the limitations of average parameter assessment,
intrinsic to bulk methods On the other ends, the relatively recent
single-molecule approaches could offer information on dynamic and
heterogeneous ensembles, capturing also the distinct and less popu-
lated states which are usually hidden by the most abundant confor-
mations [207, 208, 209, 210].

In the case of the human amyloidogenic IDP α-synuclen (AS), at
least three major conformational states can be recognized by using
a SMFS approach [88, 89, 169]: Random Coil (RC), collapsed states
stabilized by Weak Interactions (WI), and compact conformations sta-
bilized by Strong Interactions (SI).

Pure AS in vitro suffers, like the majority of IDPs, from loss of
structure: in the absence of interactors, it is largely unstructured at
neutral pH, presenting only a small fraction in collapsed states of dif-
ferent compactness, as revealed by NMR spectroscopy [211] and small
angle X-ray scattering [212]. DA and EGCG are known to bind AS
and redirect the aggregation pathway towards soluble oligomers with
different structure and toxicity [213, 214]. Native MS to free AS re-
vealed multimodal charge-state distributions (CSDs), which are sug-
gestive of a conformational ensemble populated by different conform-
ers [160], also suggesting that binding of epigallocatechin-3-gallate
(EGCG) and dopamine (DA) have distinct structural effects on AS
soluble monomers [149, 162]. DA preferentially binds and stabilizes
an intermediate form of the AS while EGCG promotes the population
of the most compact AS conformer. Both the ligands have a similar
fibrillation-inhibition effect, but it has been shown that they forms
oligomers of different toxicity and structure.
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The aim of this work is to describe AS conformational ensemble
and the effects of ligands by a SMFS technique, to test the effect of
ligand binding in solution and help interpretation of the AS and IDPs
data in the complicate frame of the heterogeneity population of struc-
tural forms.

For this reason, in this part of the Thesis I used an AFM-based
single molecule force spectroscopy approach to depict the conforma-
tional states of an intrinsically disordered protein, the AS. Since some
ligands, such as EGCG [213] and DA [214], are known to affect the
fibrillation process of AS, I used this single molecule technique to in-
vestigate the effect of EGCG and DA on the conformational ensemble
of the WT AS.

Moreover, it has been revealed from several studies that the pres-
ence of point mutations, linked to familial Parkinson’s disease (PD),
correlate with the gaining of structure and therefore with AS aggre-
gation. Furthermore, SMFS approaces had revealed the presence of
distinct conformers of the molecular ensemble and structural effects
of point mutations linked to familial PD [206, 89]. Therefore, I per-
formed single-molecule force spectroscopy (SMFS) studies also on
three of this AS point mutants (A30P, A53T and E83A).

Data related to AS:ligand interactions presented here have been
published in [1].
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5
M AT E R I A L S A N D M E T H O D S : C O N F O R M AT I O N A L
E N S E M B L E S O F A S

Briefly, the final construct is a I274 − AS − I274 polyprotein (with
AS = WT, A30P, A53T and E83A). At the C-term two modified Cys
form a thiol (covalent) bound with the gold substrate, while at the N-
term 6x His-tag for protein purification. The polyprotein preparation
could be divided into two main part, each of them fully explained in
the next sections:

• Molecular cloning to obtain a final expression vector encoding
the sequences for an AS protein flanked by flanked by four
repetitions of titin immunoglobulin-like domain (I27) at the N-
terminus and at the C-terminus.

• Protein expression in E. Coli strands and purification

5.1 molecular cloning

Briefly, in order to obtain the I274 −AS− I274 polyprotein (with AS
= WT, A30P, A53T and E83A) we took advantage of the pRSet.A
(I27)8 vector already successfully used to study the unfolding of a
I27 octamer [215]. The final construct consist of a single AS molecule,
flanked by four repetitions of titin immunoglobulin-like domain (I27)
at the N-terminus and at the C-terminus. The cDNA of the human
AS (NP-000336) was cloned in the pRSet.A(I27)8 expression vector,
taking advantage of the NheI restriction site placed in the middle of
(I27)8 encoding sequence (for more details see Fig.C.2 in Appendix
C). A mutagenic PCR was performed on the pEGFP-AS vector to
delete the start and stop codons and to insert an NheI restriction site
at both extremities of the AS gene. The PCR was carried out using
the Q5 ®High-Fidelity DNA Polymerase (NEB, cat. # M0491).

5.1.1 DNA Electrophoresis on agarose gel

To confirm the success of each step (mutagenic PCR [Fig.5.1], colony
PCR [Fig.5.2], ligation, digestion etc), the DNA electrophoresis on
agarose gel was widely used. The 1% agarose gel was prepared by
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using 1 g of agarose (Euroclone, Gelly Phor, Cat.no. EMR010500) dis-
solved in 100 mL of Buffer TAE 1x [40 mM Tris Base, 1mM Na

2
EDTA,

20 mM acetic acid and water to volume, pH 8.6] and 0.5 mg/µL ethid-
ium bromide (EtBr). The DNA samples were prepared for loading by
adding Gel Loading Dye, Purple 6X [(NEB, Cat. no. B7024S) 2.5%
Ficoll ®-400, 10 mM EDTA, 3.3 mM Tris-HCl, 0.08% SDS, 0.02% Dye
1, 0.001% Dye 2: pH 8 ]. The electrophoretic run was conducted at
100 V in TAE buffer 1x. The bands were visualized by exposing the
gel to ultraviolet light (λ = 312 nm for EtBr) by means of Amersham
Imager 600 (GE Healthcare, Life Sciences).

5.1.2 Polymerase chain reaction (PCR)

Mutagenic PCR of AS cDNA for WT and mutants

The pEGFP plasmid containing the cDNA sequence of SNCA WT
(kindly provided by Professor Cappelletti, UniMi) and the pET11a
plasmid containing the cDNA sequences of SNCA mutants (kindly
provided by Professor Legname, SISSA, Trieste) were used as tem-
plate for a mutagenic Polymerase chain reaction (PCR) to obtain an ex-
ponential amplification of cDNA containing the desired restriction
site at both the ends of the sequence.

The primers that were used for PCR mutagenesis are:
Forward:5’ AAAAGCTAGCGATGTATTCATGAAAGGAC 3’

Reverse:5’ AATTGCTAGCGGCTTCAGGTTCGTAG 3’
The bases in bold underline the restriction site for the enzyme NheI.

Primers were designed also with the aim to delete the start codon,
ATG, and the stop codon, TAA, present in the original sequences, via
mutagenic PCR. The PCR was peformed in a Mastercycler nexus (Ep-
pendorf) thermocycler in a final volume of 25 µL. Final PCR mixture
was: 1 ng of DNA template, 0.5 µM primers, 0.2 mM dNTPs and
0.6 units of Q5 DNA polymerase in Q5 reaction buffer, at a final con-
centration of 1x. The PCR cycles and the temperature and time of
denaturation, annealing and elongation are resumed in the Tab.5.1.
The fragments of SNCA WT and mutants, amplified by PCR mutage-
nesis, were purified by using QIAquick PCR Purification kit (Qiagen,
Cat. No. 28106).

In Fig.5.1, the ∼420 bp inserted SNCA (WT and mutant) amplicon
band was clearly placed just below the band of the marker that cor-
responds to 500 bp. Moreover, a unique intense band indicated that
the amplifing PCR was abundant and highly specific.

Fragments of WT and mutagenic SNCA were then cloned in the
pcDNA3.1 plasmid to permit the sequencing process. As a matter of
fact, also in the presence of high fidelity DNA polymerase the PCR
process may include undesired mutations. It was impossible to carry
out this sequencing process in the final vector pRSet.A(I274 −AS−
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Step
Temperature Time Number of

(oC) (s) cycles
Step 1 Initial denaturation 98 30 1

Step 2

Denaturation 98 10

10Annealing 55 20

Extension 72 30

Step 3

Denaturation 98 10

25Annealing 68 20

Extension 72 30

Step 4 Final Extension 72 120 1

Table 5.1.: Condition of mutagenic PCR

Figure 5.1.: PCR mutagenesis of SNCA mutants. 1% agarose gel, stained
with EtBr. M(marker)= 1kb DNA ladder (0.25 µg). The base
pairs relative to every band are reported on the left. On the top
of each lane (from 2 to 7)it is indicated the name of every mutant
used as template for the amplification. For each sample 25 µL
of PCR mixture were loaded.

I274) because the starter point of the chosen primer would recognize
a part of the I27 sequence, which was repeated 8 times.

5.1.3 Digestion and ligation

In order to insert the sequence encoding for the AS inside the
pcDNA3.1, both the amplicons and the plasmidic vector have been
digested with the NheI enzyme. Briefly, 2 µg of DNA fragments of
SNCA WT and mutants, and 3 µg of the empty vectors (pcDNA 3.1
or pRSet.A I278) were subjected to digestion using 10 units of the
restriction enzyme NheI [New England Biolabs (NEB) R0131S, 10.000

U/mL ] in Cutsmart buffer 1x (50 mM Potassium Acetate, 20 mM
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Tris-acetate, 10 mM Magnesium Acetate, 100 µg/ml BSA pH 7.9) for
16 hours at 37oC. Then, the enzyme was inactivated by heating the
mixture at 65oC for 20 minutes. In the case of the plasmidic vec-
tors, these were dephosphrylated by adding 10 units of CIP (Alkaline
Phosphatase Calf Intestinal, NEB, M0290S, 10

4 U/mL) to the previously
enzime-inactivated mixture, at 37oC for 20 minutes. Finally, the vec-
tors were collected by using the PCR purification kit. The ligation
was normally performed using ∼100 ng of plasmid and the insert in a
molar ration of 1 to 3, 120 units of T4 DNA Ligase (NEB, M0202S, 400

U/µL) in T4 DNA Ligase Buffer 1x (50 mM Tris-HCl, 10 mM MgCl
2
,

1 mM ATP, 10 mM DTT pH 7.5) and by adding ATP (Adenosine 5’-
triphosphate disodium salt hydrate, Sigma, MW = 551.14 g/mol) at
1 mM final concentration. The ligation was incubated at 16OC over
night.

5.1.4 Preparation of competent cells

The The next step is the transformation of the DH5α E. Coli strand
with the ligation product. The different bacterial strains of Escherichia
coli (E. Coli) that were used in our experiments, DH5α, were kindly
provided by Professor De Michelis, UniMi. These cells were turned
into competent cells through calcium chloride (CaCl

2
protocol, which

is a rapid method that gives a higher yield of competence. Firstly, an
overnight culture of liquid LB (10 g/L tryptone, 5 g/L yeast extract
and 5 g/L NaCl), a commonly used nutrient-rich media was inocu-
lated at 37oC. Then, in a ratio of 1:10 this pre-culture were inoculated
in 25 mL of liquid LB and grown until the culture reached an op-
tical density (OD600) ∼0.4. The culture was then cooled on ice for
5 minutes and centrifuge at 4oC at about 2500 g for 10 minutes (by
using the Eppendorf centrifuge 5804R). Afterwards, the supernatant
was removed and the pellet was resuspended in a cold and sterile
solution of Buffer 1 (100 mM CaCl

2
, 70 mM MgCl

2
, 40 mM sodium

acetate pH 5.5), half of the volume of the beginning culture, and kept
on ice for 45 minutes. Finally, the second pellet (obtained after a sec-
ond centrifugation) was resuspended in a cold and sterile solution of
Buffer 2 (100 mM CaCl

2
, 70 mM mgCl

2
, 40 mM sodium acetate pH

5.5, 15% glycerol), 1/20 of the volume of the beginning culture. The
competent cells were then ready to be used or stored at −80oC.

Transformation by heat shock

50 µL of competent cells were incubated either with the ligation prod-
ucts or about 1-10 ng of plasmidic vector at 0oC for 20 minutes and
then left at 42oC for 1 minute. Immediately after, the cells were inocu-
lated at 37oC for one hour in 1 mL of liquid LB and were then plated
in solid LB agar containing the appropriate antibiotic for the plasmid
selection. The plates were then incubated at 37oC over night. Af-
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Step
Temperature Time Number of

(oC) cycles
Step 1 Initial denaturation 95 5 min 1

Step 2

Denaturation 94 1 min
10Annealing 50 20 s

Extension 68 1 min

Step 3

Denaturation 94 20 s
20Annealing 55 20 s

Extension 68 1 min
Step 4 Final Extension 68 5 min 1

Table 5.2.: Condition of Colony PCR

ter the transformation, the cells were plated on LB-agarose gel with
in the presence Amp antibody. The pcDNA3.1 vector contains the
AMP-resistance sequence, so only cells which acquired the pcDNA3.1
should grown in this medium.

Colony PCR

For the colony PCR, each positive colony, coming from a ligation pro-
cess, was dissolved in 20 µL of sterile water, and 10 µL of this mixture
were used as a template for the PCR. The primers used for the colony
PCR were the same as the one described in Sec.5.1.2 while the poly-
merase was the Taq-DNA polymerase (Euroclone, EURO TAQ - Taq
DNA Polymerase, EME010001, 5000 U/mL) in its reaction buffer (200

mM Tris-HCl pH 8.4, 500 mM KCl). The colony PCR was peformed
in a Mastercycler nexus (Eppendorf) thermocycler in a final volume
of 25 µL. Along with the colony mixture, the PCR mixture was made
of 0.5 µM primers, 0.2 mM dNTPs, 5 mM MgCl

2
and 1.25 units of Taq

DNA polymerase in the EUROTaq Buffer 1x. The PCR cycles and the
temperature and time of denaturation, annealing and elongation are
resumed in the Tab.5.2. The samples were then stored at 4oC until
their next use. To verify the colony PCR, electrophoresis on agarose
gel was performed as described in Sec.5.1.1m see Fig.5.2.

5.1.5 DNA extraction

Miniprep DNA preparation

The plasmidic DNA was then amplified in the E. coli colonies and
picked up to further characterisation. In the case of Miniprep DNA
preparation, the plasmidic DNA extraction was performed by using
the QIAprep Spin Miniprep Kit (Qiagen, Cat. no. 27104). One posi-
tive colony was incubated in 3-6 mL of liquid LB with the appropriate
antibiotic and grown at 37oC over night. The cells were collected by
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Figure 5.2.: Colony PCR for the screening of some SNCA mutants in
pcDNA 3.1. 1% agarose gel, stained with ethidium bromide.
M = 1kb DNA ladder (0.25 µg); the base pairs relative to every
band was reported on the left. On the top of each lane (2-7)
the name of every mutant used as template for the amplifica-
tion was reported. For each sample 25 µL of PCR mixture were
loaded.

centrifugation of the culture at room temperature at 2348 g for 3 min-
utes. The pellet was then treated as indicated from the manufacturer
and the DNA was eluted in 40-50 µL of Elution Buffer (10 mM Tris-
Cl, pH 8.5). The concentration of the DNA was then measured by
Nanodrop One Microvolume UV-Vis Spectrophotometer. The final
samples were then sequenced to control that no undesirable point
mutations occurred. Sequence were aligned with Clustal Omega soft-
ware and Expasy website.

Ethanol precipitation of DNA

A second purification protocol via Ethanol precipitation was also used
as an alternative to section 5.1.5. The pellet of the cells was resus-
pended with 250 µL of Resuspension Buffer (50 mM Tris-Cl, 10 mM
EDTA, 100 µg/mL RNase A, pH 8.0). Then, 250 µL of Lysis Buffer
(200 mM NaOH, 1% SDS) was added to the mixture taking care that
the reaction would not last more than 5 minutes, in order to avoid as-
pecific DNA disruption. Afterwards, 350 µL of Neutralization Buffer
(4.2 M Gu-HCl, 0.9 M potassium acetate, pH 4.8) were added to stop
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the lysis process. The whole mixture was centrifuged at about 16000

g at 4oC for 10 minutes. The supernatant was collected. Pure ethanol,
2.5 volumes of the supernatant, was added to the samples, which
were incubated at −20oC for 30 minutes. Later, the samples were cen-
trifuged at about 16000 g at 4oC for 30 minutes. The supernatant was
removed and the pellet, containing the plasmidic DNA, was washed
two times with 500 µL of ethanol 70%. The pellet was then dried over
night. Hereafter, the precipitated DNA was resuspended with 50 µL
of Elution buffer (10 mM Tris-Cl, pH 8.5) and stored at -20

oC.

5.1.6 Gel elution

Positive samples were then digested by NheI and purified by means
of gel elution to be sub-cloned on the final polyprotein plasmid
(pRsetA). For the gel elution, the DNA fragments of interest, once run
on 1 % agarose gel, were cut away taking advantage of an UV transil-
luminator (UVP Transilluminator PLUS, Analytikjena). For the next
steps the QIAquick Gel Extraction Kit (Qiagen, Cat. no. 28704) was
used. Assuming that 100 mg of gel equals 100 µL , for one volume of
gel three volumes of Buffer QG (Solubilization Buffer with unknown
composition) were added to the gel and incubated at 50oC until the
gel slice was completely melted. Then, after adding one gel volume
of pure isopropanol to the solution, it was applied to the QIAquick
spin column and spinned at about 16000 g for 1 minute. The flow
through was removed and 750 µL of Buffer PE (Wash Buffer: 10 mM
Tris-HCl, 80% ethanol, pH 7.5) were added. Then the colomn was
spinned and the flow through was removed again. Finally, the DNA
was eluted from the column by adding 40-50 µL of Elution Buffer (10

mM Tris-Cl, pH 8.5) and stored at -20
oC. Then, we performed the

sub-cloning process of the SNCA amplicon (for bot WT and mutant)
in the pRsetA vector, encoding for the polyprotein. The plasmid was
digested with NheI and ligated with the SNCA amplicon. Positive
Colonies were then selected by a new colony PCR.

5.1.7 Test digestion

To control the correct insertion of the SNCA amplicon in the final vec-
tor, also considering the 5’-3’ direction, several tests were performed.
The DNA extracted from the positive colonies thus was subjected to
two different digestion tests: one single digestion with KpnI restric-
tion enzyme and a double digestion with KpnI and NdeI restriction
enzymes. 200-300 ng of plasmidic DNA (see Results chapter [MET-
TERE QUI RIF] for more details) were subjected to digestion using
10 units of the restriction enzymes NheI (NEB, R0131S, 10.000 U/mL),
KpnI (NEB, R3142S, 20.000 U/mL), NdeI (NEB, R0111S, 20.000 U/mL)
and/or BamHI (NEB, R3136S, 20.000 U/mL) in Cutsmart buffer 1x for
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1-2 hours at 37oC. The enzymes were inactivated by adding the Gel
Loading Dye (see section 5.1.1) to the samples.

Figure 5.3.: Digestion tests for the screening of AS mutants in pcDNA 3.1.
For each sample 200-250 ng of digested DNA were loaded on
1% agarose gel, stained with ethidium bromide. M = 1kb DNA
ladder (0.25 µg); the base pairs relative to every band are re-
ported on the left. C- = digestion test performed on DNA ex-
tracted from a colony grown on the plate relative to the negative
control. On the top of each lane is reported the name of every
mutant subjected to digestion tests: .1 = digestion with KpnI, .2
= double digestion with KpnI and NdeI.

The single digestion with KpnI should have got a linearized DNA
fragment of ∼ 6000 bp in the case of the positive clones and one at
about ∼ 5500 bp in the case of the empty vector (Fig.5.3, indicated as
X.1 line). Instead, for the double digestion, we expect in both cases a
band around 5000 bp relative to the vector backbone and a fragment
of ∼ 860 bp in the case of the positive clones, while a band of 437

bp in the case of negative control [Fig.5.3, indicated as X.2 line]. As
shown in Fig. 5.3 all the tested colonies carried the pcDNA3.1 vector
containing the cDNA codifying for the AS mutant fragment.

5.1.8 Screening of the AS direction of insertion in pRSet.A I278 vector

The last step of the molecular cloning was the control of the direction
of insertion of the SNCA fragment in the pRSet.A I278 vector. Indeed,
since the fragment of AS cDNA is flanked by the restriction site for
NheI at both ends, during the cloning process it could have been in-
serted in the correct 5 ′ − 3 ′ direction or in reverse complementary
direction.

For this reason, we performed a test digestion using the restriction
enzyme BamHI, which has a single restriction site within the cDNA
sequence of SNCA and one in the pRSet.A I278 vector (see map C.2).
In the case of the correct insertion direction, the digestion test by
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BamHI enzyme should give a band of 1472 bp, while in the other case
a band of 1180 bp.

The digested samples were loaded on 1% agarose gel for the elec-
trophoretic essay [Fig. 5.4 and C.4 in Appendix C. For all of the
mutants at least one clone presented a digestion profile comparable
to the positive control: four for the A53T mutant (# 1, # 3, # 6 and #
7) and three for the A30P mutant # 2, # 3 and # 4) [Fig. 5.4].

Figure 5.4.: Test digestion for the screening of the AS mutant direction of
insertion in pRSet.A I278 vector. For each sample 200-250 ng
of digested DNA were loaded on 1% agarose gel, stained with
ethidium bromide. M = 1kb DNA ladder (0.25 µg); the base
pairs relative to every band are reported on the left. C- = diges-
tion test performed on DNA extracted from a colony grown on
the plate relative to the negative control. C+ = digestion test per-
formed on pRSet.A (I27)4-SNCA WT-(I27)4. For all the clones
also the non digested DNA was loaded on the gel: .a = non
digested, .b = digested with BamHI. A: A53T; B: A30P.
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5.2 expression and purification of polyproteins

After sequencing, the pRSet.A I274 −AS− I274 vector was used to
transform BL21(DE3) E. coli cells. Transformed cells were grown in
Luria-Bertani medium at 37

OC until they reached an OD 600 of
0.4-0.6 and the expression of the polyprotein was induced overnight
at 22

OC by the addition of 1 mM IPTG. Cells were subsequently
harvested by centrifugation and resuspended in lysis buffer (50 mM
Na

2
HPO

4
, 300 mM NaCl, 10 mM imidazole, 4% Triton®X-100, and

0.5 mM phenylmethylsulfonyl fluoride) before sonication on ice. The
purification was performed by gravity flow column ion metal affinity
chromatography (IMAC), taking advantage of the 6xHis-tag present
at the N-terminus of the polyprotein. The soluble fraction of cell
lysate was incubated on Ni+ - NTA resin (Roche, cat. # 05893682001)
for 1 hour at 4

OC with gentle agitation. The washing step was car-
ried out in 50 mM Na

2
HPO

4
, 300 mM NaCl added with 20 mM im-

idazole, elution was achieved in the same buffer, added with 250

mM imidazole. The presence of the protein in the eluted fractions
was verified by SDS-PAGE on a 4-12 % polyacrylamide gel (Invit-
rogen®ThermoFisher Scientific, cat. # NW04120BOX) stained with
Coomassie Brilliant Blue.

5.2.1 Protein expression and purification

The pRSetA I278 plasmidic vector, containing the cDNA codifying for
AS, WT and mutants, was used to transform BL21 (DE3) E. Coli strain
for protein expression. The BL21 (DE3) strain has been widely used
to express recombinant protein. It carries a DE3 recombinant phage
harboring the T7 RNA polymerase gene, regulated by the Lac operon.
The T7 RNA polimerasi, upon IPTG induction, can direct high-level
expression of the genes under the control of the T7 promoter [216].
In the absence of lactose, the lac repressor protein (LacI) binds to the
operator sequence in the Lac operon, avoiding the transcription of T7

RNA polymerase and, therefore, all the genes under its regulation.
However, in presence of lactose, it binds to LacI, releasing the repres-
sion of T7 RNA polymerase leading to the expression of all the genes
that are under control of the T7 promoter. We used IPTG, a structural
mimic of lactose able to bind to the lac repressor to induce gene ex-
pression. Unlike lactose, IPTG is not part of any metabolic pathways,
meaning that it is not used by the cell. This peculiarity ensures that
the concentration of IPTG added remains constant, making it a more
useful inducer of the lac operon than lactose itself [217].

One of the positive colonies was incubated in 10 mL of liquid LB
with ampicillin 100 µM and the culture was grown at 37oC over night.
This pre-culture was then inoculated with a ratio of 1:20 in 200 mL of
liquid LB with ampicillin and IPTG (Isopropyl β-D-1 thiogalactopy-
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ranoside) at a final concentration of 1 mM and grown at 22oC over
night to slow down the cell metabolism. Hereafter, the cells were
collected by 1500 g centrifugation at 4oC for 10 minutes. The pellet
containing the cells was freezed at −80oC at least for 2 hours.

For the protein purification, the iced pellet of BL21 was resus-
pended in 8-10 mL of lysis buffer (10mM imidazole, 50mM sodium
phosphate dibasic and 300mM NaCl). Then, 0.5mM PMSF (Phenyl-
methanesulfonyl fluoride) and Triton X-100 4% were added to the
resuspended cells.

The cells were further lysed by sonication by using SONICS Vibra
cell ultrasonic processor. Afterwards, the soluble fraction has been
recovered by centrifugation at 6000 g at 4oC for 10 minutes.

The purification of the protein of interest was done by IMAC (Im-
mobilized Metal Affinity Chromatography). As the proteins contain
an His-tag at the N-terminal, a Ni2+-NTA resin (Roche, complete His-
Tag Purification Resin) was used. 1mL of the resin was washed three
times in Lysis Buffer for its equilibration. To have a higher range of
purification, the soluble fraction was mixed with the resin and incu-
bated at 4oC for one hour.

Aftewards, the resin was been packed on the column. The unbound
fraction was recovered and subject the resin to two wash steps: (1) 3

mL of lysis buffer, and (2) 3 mL of wash buffer (20mM imidazole,
50mM sodium phosphate dibasic and 300mM NaCl) which were col-
lected separately. Finally, the proteins were eluted by using 3 mL of
elution buffer (250mM imidazole, 50mM sodium phosphate dibasic
and 300mM NaCl) collected in 6 different fractions of 500 µL.

5.2.2 SDS - PAGE

Once the purification was performed, 30 µL of each fraction under-
went a solubilization process by adding SDS-PAGE Loading Sam-
ple Buffer 4X (1 M Tris-HCl pH 6.8, 8% SDS, 40% Glycerol, 5% β-
mercaptoethanol, 10% Bromophenol blue), followed by a boiling step
of 5 minutes. Hearafter, they were ready to be used for electrophore-
sis on polyacrylamide gel.

The denaturated proteins were loaded in a precast polyacrylamide
gel (Bolt 4-12% Bis-Tris Plus 1.0 mm X 10 well, Invitrogen by Thermo
Fisher Scientific). The electrophoretic run was carried out in MOPS
buffer pH 7.5, containing: 50 mM MOPS (3-Morpholinopropane-1-
sulfonic acid), 50 mM Tris-HCl, 1.025 mM EDTA (Ethylenediaminete-
traacetic acid) and 0.10% SDS at a constant voltage of 100 V.

The proteins were then stained with Coomassie Brilliant Blue (1
g/L Coomassie Brilliant Blue, 50% methanol, 10% glacial acetic acid,
40% H2O) and acquired by using the epi-illumination option of Amer-
sham Imager 600.
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Figure 5.5.: Purification of I274 − AS − I274 polyprotein: M = protein
marker Sharpmass VI, on the left the molecular weight of the
reference bands (kDa) are reported, on the top of each lane is
indicated the name of the fraction coming from the purification
procedure: SP = total soluble proteins, FT = flow through, W
1-2 = wash, E 1-6 = eluted fraction. The solubilisation volume
loaded in each lane is as follows: FT = 25 µL, W 1-2 = 20 µL,
E 1-6 = 10 µL. The electrophoretic run has been conducted in
a 4-12 % polyacrylamide gel, then subjected to Coomassie Blue
stain.

The final polyprotein has a weight of ∼100 kDa. In all of the sam-
ples there is a band at the same height as the one expected for the
polyprotein, meaning that all were successfully expressed (See Fig.5.5
for a standard I274 −AS− I274 polyprotein purification).

In the lanes that corresponds to the flow through and the wash (FT
and W) there is a band just above 100 kDa, which can be attributed to
the polyprotein. This means that the quantity of the loaded proteins
on the resin is higher than one that the resin can bind. Indeed, in
all the last lanes (eluted fractions E1-E6) there is an intense band that
corresponds to the polyprotein, along with some less intense bands
that we observed in the Western Blot (Fig.5.6). The fractions E2 and
E3, the most intense ones, were used for the SM-FS experiments.

5.2.3 Western Blot and immunodecoration

In the case of Western Blot essay, after the SDS-PAGE, the proteins
were transferred from the gel to a 0.2 µm pore-size nitrocellulose
membrane using a transfer buffer composed of 25 mM Tris Base, 190

mM glycine, 20% V/V methanol, 0.1% p/V SDS.
The wet transfer process was conduct at 4oC for 2 hours at a con-

stant electrical field of 250 mA.
For the immunodecoration, in order to prevent non-specific back-

ground bindings, the nitrocellulose membrane was incubated in a
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Figure 5.6.: Determination of the expression levels of the polyproteins
by Western Blot and Immunodecoration: M = protein marker
Sharpmass VI, on the left the molecular weight of the reference
bands (kDa) are reported, on the top of each lane is indicated the
name of the samples; C- = cells coming from non-transformed
BL21 (DE3). For each sample 1 mL of cell culture was pellet,
resuspended in 50 µL of sterile milliQ water and solubilised.
For each sample, 15 µL of a 1:5 diluition of the solubilisation
product, in SB1X, were loaded on a 4-12% polyacrylamide gel,
transferred on a 0.2 µm nitrocellulose membrane and incubated
with HRP-His probe 1:5000.

blocking solution, containing 2.5% BSA dissolved in T-TBS (0.05 %
Tween-20, 25 mM Tris-HCl pH 7.5, 0.15 M NaCl), for one hour at
room temperature under gentle agitation and then washed three
times in T-TBS. Afterwards, the membrane was incubated with 0.8
mg/L antibody HRP-His Probe (Thermo Fisher Scientific, cat. 15165)
in blocking solution for one hour and washed again three times in
T-TBS. Finally, the presence of the proteins was tested by incubating
the membrane with a 1:1 mixture of Luminol Enhancer solution and
peroxide Buffer solution (EuroClone, cat. EMP012001) for 2 minutes
in the dark. The final image was acquired by using the chemilumines-
cence option of Amersham Imager 600 for 5 to 30 seconds, depending
on the signal intensity.

As identified also in the Comassie Blue stain essay (Fig.5.5), a ∼

100 kDa band was present in all the samples, as well as the truncated
polyprotein signal at lower molecular weight.

However, the intensity of the I274 −AS− I274 polyprotein bands
was different: the WT protein shows the most intense signal, meaning
that it had higher expression comparing to the other mutants, the
A30P and E83A mutants showed ∼ 30% of the WT intensity, but were
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more expressed than the other two mutants, that were less than ∼ 10%
with respect to the WT.
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5.3 native mass spectrometry

Nano-ESI-MS data were taken from [149].

5.3.1 Sample preparation

Briefly, Ammonium acetate, ammonium hydroxide, dopamine
(DA), epigallocatechin-3-gallate (EGCG) were purchased from Sigma
Aldrich (St. Louis, MO). Wild-type human AS was expressed in re-
combinant form and purified as described in [218] in the G. Legname
lab. After sample desalting against 100 mM ammonium acetate pH
7.4 on PD-10 columns (Amersham Biosciences, Amersham UK) to
promote sodium displacement, aliquots were lyophilized and stored
at -80°Cuntil further use.

5.3.2 Native MS

The stock solution of EGCG (1 mM) was prepared in 10 mM am-
monium acetate pH 7.4. The stock solution of DA (100 mM) was
prepared in 10 mM ammonium acetate pH 5 and then diluted in 10

mM ammonium acetate pH 7.4 immediately before the experiments
to reach the desired concentration. The final pH of the solutions
was checked by the Crison Basic20 pH meter (Crison Instruments,
Barcelona, Spain).nano-ESI-MS spectra were collected after 10 minute
incubation of protein-ligand mixtures in 10 mM ammonium acetate,
pH 7.4, at a final AS concentration of 20 µM. Nano-ESI-MS spectra
were collected in positive-ion mode, using a hybrid quadrupole-time-
of-flight mass spectrometer (QSTAR-Elite, Biosystems, Foster City,
CA) equipped with a nano-ESI sample source. Deconvoluted spec-
tra were obtained using the Bayesian protein reconstruct tool of Bio-
Analyst™extension of Analyst QS 2.0 software (Applied Biosystems,
Foster City, CA). Quantification from native-MS data was based on
Gaussian fitting of CSDs, upon transformation to x=z abscissa axis.
The values reported refer to the area of the components obtained for
the protein in the absence of ligand, for the 1:1 AS:ligand complexes
and for all the stechiometry of AS:ligand complexes.

5.4 cd and ftir analysis

Circular Dichroism (CD) and Fourier-Transform Infrared Spec-
troscopy (FTIR) analyses were performed as described in [162] . In
particular, Far-UV CD spectra of 20 µM AS in PBS buffer were ac-
quired on a J-815 spectropolarimeter (JASCO Corp., Tokyo, Japan)
under the following instrumental settings: data pitch, 0.1 nm; scan
speed, 20 nm/min; bandwidth, 1 nm; accumulation spectra, 2. A 1-
mm path length quartz cuvette was employed. FTIR spectra of 340
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µM AS in deuterated PBS buffer were acquired on a Varian 670-IR
spectrometer (Varian, Mulgrave VIC, Australia Pty. Ltd.) under the
following instrumental settings: resolution, 2 cm−1; scan speed, 25

kHz; scan coadditions, 1000; apodization, triangular; nitrogen-cooled
mercury cadmium telluride detector. A temperature-controlled trans-
mission cell with two BaF

2
windows separated by a 100-µm Teflon

spacer was employed. At least data from three independent experi-
ments were performed.

5.5 smfs measurements conditions

5.5.1 Fluid cell for SMFS

A fluid cell was created by firmly attaching a glass o-ring on the gold-
coated cover slip by using vacuum grease, obtaining a final volume
of ∼ 2 mL. The gold substrate has been extensively employed into
SMFS of proteins because it can achieve the necessary strong attach-
ment with one end of the poliproteins, by taking advantage of the
covalent Thiol group formed between the gold and at least one cys-
tein (our constructs carry 2 cystein). Glass cover slips (VWR, 24 mm
�, Microscope cover Glasses) were individually washed with deter-
gent and they were sonicated 20 minutes in 100% pure 2-propanol
(Sigma Aldrich, St. Louis, MO) and 20 minutes in milli-Q water. This
cycle was repeated twice. Each coverslip was individually dried with
nitrogen and a gold layer of aboute 20-40 nm was directly evaporated
on the clean glass by means of a Gold Sputter Coater (Quorum tech-
nologies, SC7620 Mini Sputter Coater). Gold-evaporated coverslips
were then placed individually into storage boxes and conserved in
the dark into a vacuum-sealed container for at maximum one month.
On the other side of the chain, the protein was attached to the sil-
icon nitride cantilever through unknown interactions, that probably
involved physical adsorption.

5.5.2 Sample preparation for SMFS measurements

SMFS experiments were carried out on a Nanowizard II (JPK Instru-
ments, Berlin) at room temperature. Prior to each experiment, every
cantilever (Si

3
N

4
, Bruker MLCT-BIO, Cantilever D, Nominal spring

constant k=0.03 N/m, for more details about cantilevers calibration
see Sec.1.3.4) was individually calibrated using the Equipartition The-
orem in the JPK software. Approximately 20µL of protein (at a con-
centration of ∼ 2µM) were deposited onto the evaporated gold cov-
erslip and allowed to adsorb at room temperature for about 15 min
without let the solution dry out completely. After this time, 1.8 mL
of sterile PBS buffer (NaCl 8 g/L, KCl 0.2 g/L, Na

2
HPO

4
1.42 g/L,

KH
2
PO

4
0.24 g/L, final pH 7.4, 150 mM) were added to reach an
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overall protein final concentration of ∼ 20 nM. Each experiment was
carried out in fresh PBS buffer, to which EGCG (stock diluted in PBS)
and DA (stock diluted in acidic MilliQ, pH 4) (stored at 4°Cprotected
from light) were added to reach the desired final concentration (200

µM of DA, and 25 µM of EGCG). Each solution was filtered on a filter
screen with a porosity of 0.2-µm before each experiment.

5.5.3 AFM-based SMFS

In a typical constant-velocity single-molecule pulling experiments,
the protein, tethered between the tip and the sample surface, was
stretched moving away the tip with a constant speed of 1µm/s with
a recording rate of 4096 Hz. The laser beam displacement was con-
verted to force and plotted against the tip-sample separation to obtain
the final force curve.

Briefly, the tip approached the sample surface with a constant
speed, pushing the surface with a fixed force for a fixed time (respec-
tively, Pushing Force and Pushing Time in Tab.5.3) in order to promote
the absorption to the tip of a single protein deposited on the surface.
Then, the tip was pulled away from the surface with a constant speed
and the deflection of the cantilever (i.e. the interaction force between
the sample and the AFM tip) was recorded as a function of tip-sample
separation.

In every experiment, thousands of curves were recorded along a
square grid with a side of 10µm and 32 x 32 points. The approaching
speed of the probe towards and backwards the sample was 1 µm/s,
while the distance travelled by the tip was 0.8 µm, enough to have a
complete detachment of the protein from cantilever.

Pushing Force 2 - 3 nN
Pushing Time 0 - 2 s
Pulling speed 1 µm/s

z - Range 800 nm
Rate of recorded points 4096 Hz

Table 5.3.: Range of values for SMFS pulling experiments.

5.5.4 Data Analysis

The force curves were firstly processed by both the JPK-Data Pro-
cessed software (JPK Instruments, Berlin) and MATLAB custom-
written software which was specially implemented. Briefly, the
curves were corrected for the baseline and the deflection of cantilever
by means of JPK-DM software. A first screening process was auto-
matically exploited by searching curves presenting more than 6 peaks.
Generally, during this operation, the 50-70% of curves were usually
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discarded. The second selection of the curves, which was slightly
user-dependent, discarded all the traces with spurious signal, mis-
folded peaks or more than one polyprotein attached. The selected
curves were individually analysed, checking the goodness of both
the baseline and the recorded peaks. The contour length (Lc) of each
peak (both I27 and AS) was calculated by fitting with a single param-
eter WLC model (while the persistence lenght Lp = 0.36 nm was kept
constant). Only the curves with a single clear detachment peak, 6-8
(7-9 for SI-like AS conformation, see Chapter 6 for details) peaks and
no noise in the first part were considered.

The final criteria for the acceptance of the curves for further analy-
sis were:

• The contour length relative to the first peak refereed to the AS
had to be in the range of 80 ± 15 nm in the case of Random Coil
(RC) or Mechanically Weak Interactions (WI) conformations, and
40 ± 15 nm for the Mechanically Strong Interactions (SI).

• The total number of peaks for the polyprotein containing AS in
RC or WI conformations had to be from 6 to 8 and from 7 to 9

in the case of SI.

• The detachment peak had to be clean, well defined and occur-
ring at a force higher than the one of the I27 denaturation.

• Non-specific interaction (spurious) signal at the beginning had
to not exceed the first 25 nm and their height had to be lower
than the other peaks.

• The distance between two consecutive peaks had to be compati-
ble with the length of the unfolded I27 modules and their height
with the values reported in the literature (∼ 260 pN for I27 at a
pulling speed of 1 µm/s).

These criteria, very strict and conservative, led us to discard a dis-
crete number of curves that shown a clear AS signal but with some
problems in a variable part of the trace.

By employing the JPK-DP software the range of each single peak
was manually controlled and fitted by means of WLC model. The
last peak, which describes the detachment, was always discarded for
the analysis. The force of unfolding FU was found as the maximum
force of the peak (i.e the highest point of the peak), while the contour
length (Lc) was obtained as free parameter from the WLC fit. Also
the length size of the linkers between two proteins should be con-
siderate to not overestimate the protein length. Despite this, it has
been demonstrated that the linkers are totally extended before the
unfolding [73].

Further statistical analysis had been done by using different self-
written codes in MATLAB language.
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6
R E S U LT S : N A N O M E C H A N I C A L U N F O L D I N G O F A S
I N T H E P R E S E N C E O F L I G A N D S O R M U TAT I O N S

The SMFS experiments have been performed on a polyprotein con-
struct containing eight repeats of titin immunoglobulin-like domain
I27 (Section 2.2.2) and one grafted AS domain (Fig.6.1). The I27 do-
mains act as molecular handles to mechanically stretch the AS pro-
tein and introduce a well-characterized fingerprint signals into the
recorded force signal that make possible the identification of the dif-
ferent AS conformations.

Figure 6.1.: Polyprotein construct encompassing the AS full-length polypep-
tide chain for SMFS experiments.

6.1 conformational ensemble of as

Three distinct classes of conformational structures in equilibrium
were identified by using the nanomechanical unfolding in near phys-
iological condition (PBS buffer, pH 7.5, 150 mM): Random Coil (RC),
collapsed states stabilized by Weak Interactions (WI), and compact
conformations stabilized by Strong Interactions (SI). A representative
sketch of the AS in the three conformations is reported in Fig.6.2.

As shown in Fig.6.3, the observed SMFS curves show the typical
sawtooth pattern in which each peak can be assigned to the unfolding
of an individual I27 protein. The initial part of the curve, instead,
correlates with the presence of AS and it is characterized by different
mechanical resistances to unfolding. These AS unfolding pathways,
which are described in details below, are consistent with the presence
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Figure 6.2.: Examples of AS structural conformations as obtained in SMFS.
RC (blue), WI (green) and SI (red). The last 45 residues (N-term
portion) are always in a not-structured form.

Figure 6.3.: Representative force curves of the mechanical unfolding of the
polyprotein in distinct conformations stabilized by RC (a), WI
(b), and SI (c). Figure adapted from [1].

of an AS heterogeneous conformational ensemble, already discuss in
literature [88, 89, 169]. Every curve was fitted by means of the WLC
model to extract the contour length LC of each peak (both for I27 and
AS). The three distinct patterns can be recognized by analyzing the
LC of the first peak (Fig.6.3 and Fig.6.4).

The first class of curves showed the first peak after LC=79±6 nm
(light blue curve, first line of Fig.6.3), followed by the typical sawtooth
pattern relative to other I27 consecutive unfolding events. This curves
were ascribed to the unstructured conformation of AS and classified
as RC, since no additional peak is detected in the first ∼80 nm, show-
ing a complete elongation of both the folded polyprotein and of the
50 nm-long AS. In this kind of event, the AS was captured in a confor-
mation whose complete extension occurred at low force and did not
imply the overcoming of measurable unfolding energy barriers. This
behaviour is typical of random coils and mostly unfolded conformers,
and, unfortunately, only by SMFS measurements it is impossible to
distinguish between them. Therefore, we can assume that this type

100



Figure 6.4.: Statistical distribution of the contour length of the first peak for
RC (LC=79±6 nm), WI (LC=82±6 nm) and SI (LC=46±5 nm) con-
formations for I274-AS-I274 polyprotein unfolding. Solid lines
represent the Gaussian fits of the histograms. Figure adapted
from [1].

of curves correspond to the AS in random coil state, identical to the
one found by other techniques.

The second conformation was characterized by LC=82±6 nm and
by the presence of one-to-three small peaks before the first regu-
lar peak attributed to an I27 unfolding (green curve, second line
of Fig.6.3). This pattern was associated to a collapsed conforma-
tion of AS stabilized by weak interactions (significantly smaller than
the secondary-structure dentaturation signals) a and classified as WI,
characterized by a smaller energy barrier to overcome.

The WI state signal, whose small (one to three) peaks correspond
to an unfolding force (FWI=117±34 pN) sensibly lower than I27

(FI27=257±46 pN), see Fig.6.5, was characterized by a smaller energy
barrier to overcome to unfold the AS.

Figure 6.5.: Unfolding force statistical distribution of WI (FWI=117±34 pN)
and I27 modules (FI27=257±46 pN). Figure adapted from [1].

The third conformation displays the first peak unfolding at the
LC=46±5 nm (red curve, third line in Fig.6.3). These curves were
characterized by a shorter LC and a comparable unfolding force for
both AS and I27, and were assigned to a collapsed state of AS, mainly
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stabilized by SI, which present a resistance to unfolding similar to the
one of the high mechanostable β-rich protein I27.

Figure 6.6.: Random coil. Schematic representation of the mechanical un-
folding events that lead to the formation of the first peak for RC
conformations.

In details, the length at which the first peak unfolds (in the curves
assigned to the RC conformation, Fig.6.6) and that of the first of
the higher peaks in the curves assigned to the WI (Fig.6.7) were
all around 80 nm. These peaks occurred when AS was completely
extended and flanked by eight I27 folded modules. The measured
length was due to the contribution of the eight folded I27 modules
(a folded module of I27 is 3 nm long, i.e. 3 nm x 8 = 24 nm), the
length of eight linkers between each protein module (a linker is 2 aa,
i.e. 8 x 0.36 nm x 2 = 5.76 nm) as already shown [219], and the length
of the completely extended AS (i.e. 140 aa x 0.36 nm = 50.4 nm).
By summing all the contributions, the total extension was 80.16 nm
which was coherent with the measured values. The subset of curves
presenting a LC of the first peak higher than 95 nm, which could be
associated with an undesirable misfolding event of a I27 module, was
discarded.

The length of the first peak of the SI conformation (Fig.6.8) was
due to the contribution of the eight folded I27 modules (3 nm x 8 =
24 nm), the length of eight linkers between each protein module (8 x
0.36 nm x 2 = 5.76 nm) as already shown [219], and the length of the
completely extended N-domain of the AS protein (i.e. 45 aa x 0.36 nm
= 16.2 nm). By this prediction, the first peak should occurs at 45.92

nm, which is compatible with the found value of LC=46±5 nm.
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Figure 6.7.: Weak Interactions Schematic representation of the mechanical
unfolding events that lead to the formation of the first two peaks
for WI. In the detailed image of the first unfolding peaks, the
two smaller peaks (# 2 - # 3) could be noticed. The position
and the force relative to these peaks were FWI=117±34 pN and
LC(WI)=41±14 nm).

Figure 6.8.: Strong Interactions Schematic representation of the mechanical
unfolding events that lead to the formation of the first two peaks
for SI. The first peak has the same height as the other peaks and
occurs after 46±5 nm. The average LC of the second peak is
80±9 nm.
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6.2 effects of mutants and ligands

After having characterized the three different conformations of AS af-
ter the nanomechanical unfolding, several session of SMFS had been
performed without ligand, with the presence of EGCG and DA, at
different pH and with three of the known point mutation associated
with the insurgent of PD (A30P, A53T and E83A).

6.2.1 Standard conditions

The first session of measurement was performed in PBS (pH 7.4 and
ionic strenght of 150mM). This first step was necessary to study the
conformational states of AS in a condition that resembles the phys-
iological condition, with an osmolarity and ion concentrations anal-
ogous to the ones that could be found in the human cells. After a
very restrictive curve selection, a total of 60 curves were considered,
with a prominent preference for the unstructured form of AS (RC)
and repartitioned as shown in Tab. 6.1.

AS
# of curves % of curves

Random coil 37 62±6

Strong Interactions 5 8±5

Weak Interactions 18 30±4

N(tot) 60 100%

Table 6.1.: Number of curves considered for the construct I274-AS-I274 for
WT AS in absence of ligands. Error in percentage column rep-
resent the standard deviation calculated for the normal distribu-
tion.

These data might be compared to the one reported in [88] (RC
38.2%, SI 7.3% and WI 54.5% for AS in Tris 10mM or RC 49.2%, SI
27.9% and WI 22.9% for AS in Tris 500mM). However, it had been
reported that for the IDPs, and consequently for AS, slightly differ-
ences in the environmental conditions may drastically influence the
conformation of this protein. Hervás et al., in [169], divided the AS
behaviour into two classes: Non Mechanostable (NM), characterized
by a forces lower than 20 pN and Mechanostable (M) for larger un-
folding forces. For AS in standard conditions the conformations were
allocated in 55.1% NM and 44.9% M in PBS pH 7.4. This results was
compatible with our finding, if considering this conversion: RC →
NM and WI+SI→ M.
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6.2.2 DA

It has been reported that AS changes its structure in response to DA,
adopting a conformation where its N- and C-terminus become closer
together, thus, inhibiting AS fibrils formation and leading to the accu-
mulation of AS oligomeric species via an alternative folding pathway
[220]. Native-MS based studies had shown that DA binding to AS
caused a tendency to rearrange the complex in a structured thus still
partially compact state [149]. In order to compare the AS structural
conformation in the presence of DA, avoiding technical problems, a
DA concentration of 200µM was chosen. After the selection, a total
of 73 curves were considered, with a prominent preference for the
unstructured form of AS (RC) and repartitioned as shown in Tab.6.2.

AS with DA 200 µM
# of curves % of curves

Random coil 31 42±5

Strong Interactions 23 32±5

Weak Interactions 19 26±5

N(tot) 73 100%

Table 6.2.: Number of curves considered for the construct I274-AS-I274 for
WT AS in the presence of 200µM DA. Error in percentage col-
umn represent the standard deviation calculated for the normal
distribution.

Comparing these results with the AS in absence of ligand, it was
immediate to notice a decrease in the unstructured conformation and
a strong increase in the SI, while the variation of WI conformation
was not significant, falling inside the error uncertain (Fig.6.9).

6.2.3 EGCG

EGCG had been demonstrated to have a neuroprotective role in
Parkinson’s Disease (PD) on the basis of its anti-oxidative, anti-
inflammatory, and fibril-destabilizing effects. Indeed, EGCG was ca-
pable of modulation the misfolding of proteins by directly binding
to unfolded polypeptide chains and forming unstructured, nontoxic
oligomers instead of the ordered β-sheet rich amiloyds fibrils. More-
over, it is known that EGCG is able to reduce the structural stability
of AS toxic fibrils and remodel them in a more disordered and less
toxic oligomeric structure [213]. Native-MS based studies had shown
that EGCG binding to AS caused a tendency to rearrange the complex
in a compact structure [149]. A total of 53 curves were collected in
presence of EGCG (Tab 6.3) a remarkable change in the percentage of
the three population with respect the same experiment in the absence
of ligands could be noticed.
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AS with EGCG 25µM
# of curves % of curves

Random coil 19 36±6

Strong Interactions 21 40±7

Weak Interactions 13 24±6

N(tot) 53 100%

Table 6.3.: Number of curves considered for the construct I274-AS-I274 for
WT AS in the presence of 25µM EGCG. Error in percentage col-
umn represent the standard deviation calculated for the normal
distribution.

Indeed, there was an increase in the number of AS secondary-like
structure SI, that increased from 8% to 40%. Accordingly, the percent-
age of AS in the unstructured state decreases from 62% to 36% in the
presence of EGCG (Fig.6.9).

Figure 6.9.: Species distributions in the presence of Ligands Different pop-
ulation of AS conformers obtained by SMFS in absence of lig-
ands (Right), in the presence of 200µM of DA (Middle) or 25µM
EGCG (Left). Error bars represent the standard deviation calcu-
lated for the normal distribution. Figure adapted from [1].

6.2.4 Mutants

The mutants related to the insurgence of PD showed to drive the AS
protein along different fibrillation and oligomerisation pathways. For
instance, the single point mutations A30P and A53T, located in the
amino-terminal sequence of AS, seemed to have effects on variation
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in protein membrane interaction or in protein aggregation propen-
sity [107, 109]. The quite recent mutation, E83A, discovered in the
core region of AS NAC domain, had been reported to favour the β-
structures involved in fibril formation and aggregation [113]. There-
fore, with the aim of studying the effects of these mutations on the
conformational equilibrium of AS, we produced polyproteins contain-
ing the AS point mutations A30P, A53T and E83A. Preliminary results
are reported in Tab. 6.4 and Fig.6.10.

AS Mutations
A30P A53T E83A

# % # % # %
Random coil 14 41±8 11 44±8 12 44±8

Strong Interactions 5 15±6 4 16±6 7 27±5

Weak Interactions 15 44±8 10 40±8 7 27±5

N(tot) 34 100% 25 100% 26 100%

Table 6.4.: Number of curves considered for the construct I274-AS-I274 for
A30P AS, A53T AS and E83A AS in PBS pH 7.4. Error in percent-
age column represent the standard deviation calculated for the
normal distribution.

Figure 6.10.: Species distributions for point mutation AS Different popula-
tion of AS conformers obtained by SMFS for (from right to Left)
WT-AS, A30P-AS, A53T-AS and E83A-AS. Error bars represent
the standard deviation calculated for the normal distribution.

107



6.3 additional analysis of smfs data

6.3.1 Characterization of the I27 module: contour length and unfolding
force

As a consequence of the unfolding of our chimeric polyprotein I274-
AS-I274, the several protein I27 module were unfolded under the me-
chanical action of the applied pulling force. As a result, a series of
peaks in the force-extension curve have been detected. Each peak
was individually analysed considering its maximum force value (FU),
which corresponds to the force necessary to unfold a single I27 mod-
ule. Furthermore, the force-extension data were fitted with the WLC
model in order to extract the asymptotic value (LC) of the extension
of the each I27 module. Being the I27 module well characterised in
literature [17, 74, 79, 207], the study of the statistical distribution of
the modules both in LC (28 nm) and FU (∼ 270 pN at v=1µm/s) was
a good indicator of a proper calibration.

In Tab.6.5 and Fig.6.11 the statistical distributions of the FU and
LC values for I27 as obtained in the different conditions (in PBS, in
200 µM DA, and in 25 µM ECGC) were reported. As shown by the
reported histograms (Fig.6.11), there was no appreciable difference
between the FU and LC behaviour of I27 changing from PBS to DA or
EGCG. These results clearly indicates that the DA and EGCG alone
were not capable to alter the mechanical stability of a non-specific
and structured protein, such as the I27.

I27 characterisation FU and LC
PBS 200µM DA 25µM EGCG Total

FU - I27 (pN) 274± 42 227± 40 271± 39 257± 46
LC - I27 (pN) 28.2± 1.1 28.0± 0.7 28.1± 0.9 28.1± 0.9

Table 6.5.: Measured mean values ± standard deviation of the unfolding
force FU and of the average contour length LC measured for the
I27 module for each force-extension curve. The values reported
in the last column represent the cumulative statistical values of
data acquired both in the presence or absence of ligands.
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Figure 6.11.: Statistical distribution of the average unfolding force FU (his-
tograms in the left column) and of the average contour length
Lc (histograms in the right column) measured for all the I27

module, for each force-extension curve. Histograms in the first
line represent data obtained in PBS, 200 µM Dopamine (DA),
and 25 µM Epigallocatechin gallate (ECGC). Histograms in the
second line represent the cumulative statistical distribution of
data shown in the first line. Figure taken from [1].

6.4 first peaks in the force-extension curves : contour

length and unfolding force

In the Fig.6.4 the histograms of the contour length LC of the first
peak of each curve were reported as cumulative for the three tested
WT-AS condition (alone or with DA or EGCG ligands). In Tab.6.6
the contour length values (mean ± std) of the first peak for the three
conformations in PBS, 200 µM DA and 25 µM EGCG separately were
reported. The last column (Total) reports the cumulative LC values.

1st peak contour length LC (nm)
PBS 200µM DA 25µM EGCG Total

Random Coil 79.1± 5.7 78.7± 5.2 79.5± 7.0 79.0± 5.8
Strong Interactions 40.7± 1.2 47.0± 3.9 45.1± 5.0 45.6± 4.6
Weak Interactions 82.0± 5.8 81.9± 5.8 82.1± 6.9 82.0± 6.0

Table 6.6.: Measured average values ± standard deviation of the contour
length of the first peak for each force-extension curve in the differ-
ent conformation state acquired in PBS, DA, EGCG. The values
reported in the last column represent the cumulative statistical
values of the data acquired in different buffer conditions (PBS,
DA, EGCG).
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Similarly, in Tab.6.7 we reported the unfolding force values (mean
± std) measured in correspondence of the first peak for the three con-
formations (RC, SI and WI), in PBS, 200 µM DA and 25 µM EGCG,
separately. The last column Total reports the cumulative FU statistical
values, regardless of the different buffer conditions (PBS, DA, EGCG).
The values reported in Tab.6.6 and 6.7 confirmed that ligands did not
affect the contour length and the unfolding force of the first peak,
even if they induced changes in the statistical distributions of confor-
mations.

1st peak Unfolding Force FU (pN)
PBS 200µM DA 25µM EGCG Total

Random Coil 221± 34 187± 37 215± 45 207± 40
Strong Interactions 208± 26 195± 50 217± 32 206± 42
Weak Interactions 218± 40 196± 36 234± 33 214± 39

Table 6.7.: Measured average values ± standard deviation of the unfolding
force of the first peak for each force-extension curve in the differ-
ent conformation state acquired in PBS, DA, EGCG. The values
reported in the last column represent the cumulative statistical
values of the data acquired in different buffer conditions (PBS,
DA, EGCG)

In Fig.6.12 the histograms of both the first peak unfolding force
(column on the left), and contour length (column on the right) for the
three conformations (RC, SI and WI), in PBS, DA and EGCG were
analysed separately. From these data it is possible to conclude that
the unfolding force value and the contour length of the first peak
were not affected by the presence of the ligands.
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Figure 6.12.: Statistical distribution of the unfolding force FU (in the left col-
umn) and of the contour length LC (in the right column) of the
first peak in each force-extension curve. Data for RC, SI and WI
divided depending of their environmental condition (line 1-3)
and represented cumulatively (last line). Figure taken from [1].
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6.5 characterization of the wi peaks

In Fig.6.5 the unfolding force of WI peaks were compared with the
distribution of unfolding force of I27 module. In Fig.6.13 the unfold-
ing force of the WI peaks were compared to the corresponding first
higher peak.

Figure 6.13.: Statistical distribution of the unfolding force FU of the mechani-
cally weak interactions (dark green) compared to the unfolding
force FU of the corresponding first peak collectively evaluated
(PBD, DA and EGCG) in light green. Figure taken from [1].

In the Tab.6.8 and Fig.6.14, the statistical distribution of the FU and
LC values of the WI as obtained in the different conditions (PBS, 200

µM DA, and 25 µM ECGC) were shown. As indicated in the figure,
there were no appreciable difference between the WI behaviour of FU
and LC in PBS, DA or EGCG.

1st peak Unfolding Force FU (pN)
PBS 200µM DA 25µM EGCG Total

LC(WI)-nm 43± 19 41± 11 39± 12 41± 14
FU(WI)-pN 111± 34 108± 37 136± 19 117± 34

Table 6.8.: Measured average values ± standard deviation of the unfolding
force and the averaged contour length measured for WI peaks
in each force-extension curve. The values reported in the last
column represent the cumulative statistical values of the data ac-
quired in different buffer conditions (PBS, DA, EGCG)

Some WI traces showed more than one peak (typically 1 to 3), oc-
curring in the range 30-65 nm. In order to understand if the number
of peaks, their length and unfolding force were somehow correlate,
we realized scatter plot of the unfolding force FU of all the WI peaks
versus their extension LC (Fig.6.15). The histograms show separately
the values obtained in different buffer conditions (PBS in black, 200

µM DA in orange, and 25 µM ECGC in purple). Data in Fig.6.15 took
in account the presence of one (circles), two (squares) or three (dia-
monds) peaks in each force-extension curve, each peak contributed
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Figure 6.14.: Statistical distribution of the average unfolding force FU (left
column) and of the average contour length LC (right column)
measured for the WI peaks in each force-extension curve clas-
sified as WI. The histograms in the first line represent data ob-
tained in PBS, 200 µM DA, and 25 µM ECGC. Histograms in
the bottom line represent the cumulative statistical distribution
of the data shown in the first line. Figure taken from [1].

Figure 6.15.: Scatter plot of the unfolding force of the mechanically WI peaks
and their extension length. Each dot represents a single WI un-
folding peak (PBS in black, 200 µM DA in orange, and 25 µM

ECGC in purple). Data took into account the number of unfold-
ing peaks in each curve: a curve with a single peak contributes
with one circle, a curve with two peaks contributes with two
squares, a curve with three peaks contributes with three dia-
monds.
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equally to the scatter plot. The graph shows no correlation between
the two parameters.

6.6 characterization of the si peaks

The curves belonging to the SI class showed a first unfolding peak
after ∼46 nm, while all the following unfolding signals were not dis-
tinguishable. This was a limitation of the construct itself, as a matter
of fact each peak was followed by an elongation of one single pro-
tein module. As already proposed in [88, 89] and considering the
evidence that the last residues of the AS chain (from the 96th-140th)
had never been observed into an ordinate and structured conforma-
tion, we proposed that the only initial AS portion (N-term + NAC
domain, see Fig.6.1) was rearranged into a compact state stabilized
by strong interactions.

Taking into account this hypothesis, the AS portion undergoing
the structured form was formed by the first 96 amino acids, with an
expected total elongation of 95x0.36 = 34.2 nm, but, considering a
folded AS conformation of ∼ 3 nm in length, the increment after the
SI peak should be ∼ 31 nm. This value was slightly larger than the one
expected for the increment of an I27 module (89aa long, ∼ 31.5− 3 =
28.5 nm).

Some additional analysis have been performed to the SI curve, try-
ing to determine if it could be possible to distinguish between the
AS-SI peak from a I27 signal (Fig.6.16).

Figure 6.16.: Histograms of the mean LC(I27) in grey, the maximum LC in-
crement for the SI traces (red) and of maximum LC increment
for the other two conformations (RC+WI, in emerald). Bin of
the histogram 2 nm.

For each curve, the peak with the larger increment was compared
to the mean of the other peaks in the same curve. This analysis was
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performed also on the RC and WI traces for the same batch of curves,
which in this case are used as a control.

Max LC increment for SI
I27 max LC SI max LC RC+WI

LC (nm) 27.7± 1.2 31.0± 3.8 30.9± 1.9
N curves 53 21 32

Table 6.9.: Measured average values ± standard deviation of the mean LC
(second column) and max LC increment for SI curves (third col-
umn) and RC+WI configurations (last column).

Unfortunately, as shown in Tab.6.9, even if the standard deviation
of the LC(SI) was sensibly higher than the one found in the control
(RC+WI), the two mean values were still compatible within the errors.
In conclusion, it was not possible to clearly assign a peak to the AS
-SI unfolding. This was due principally to the variability to the cali-
bration, as well as both the set up and analysis software resolutions.

6.7 oxidative level of i274-as-i274 polyprotein by mass

spectrometry

To rule out that the conformational differences of I274-AS-I274 in the
presence of DA or EGCG might be promoted by ligand-induced oxi-
dation rather than ligand binding, the oxidative level of the polypro-
tein had been analyzed by MS-based proteomics techniques. the
polyprotein was incubated 4 hours in the absence of ligands and
in the presence of either 200 µM DA or 25 µM ECGC, in order to
mimic the conditions of SMFS experiments. Then, a fast digestion of
the polyprotein was performed by adding trypsin (protease:substrate
1:50) and incubating 30 minutes at 37

oC. The reaction was stopped
by the addition of 1% formic acid, and the tryptic peptides were
desalted by C18 Ziptip (Millipore) before injection into an Orbitrap
Fusion mass spectrometer coupled to a nano-HPLC system (EASY-
nLC 1000, Thermofisher). Peptides were separated on a C18 column
(length 500 mm, ID 75 µm, particle size 2 µm) by a 90-minutes gra-
dient, analyzed by MS/MS experiments and identified by the soft-
ware Proteome Discoverer (Thermofisher), using methionine oxida-
tion as a variable modification. The sequence coverage was at least
92% for each sample run. The I27 domain contains one methion-
ine residue (Met67). Wild-type AS contains four methionine residues
(Met1, Met5, Met116 and Met127). However, Met1 has been removed
in the construct employed in this work and the C-terminal ones, at
positions 116 and 127, are known to be missed in a too large tryptic
peptide under these conditions [162]. Thus, I27 Met67 and AS Met5
were used to monitor the oxidation level of the polyprotein. The ex-
tent of oxidation was quantified by the number of peptide-spectrum
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matches (PSMs) relative to the total PSMs for the oxidized and non-
oxidized variants of the corresponding peptides. Both methionine
residues featurelow oxidation levels after the incubation (below 10%
for AS Met5), and no induction by the ligands (Fig.6.17). This is
in line with the evidence that DA- or EGCG-induced AS oxidation
under similar conditions takes place on the time scale of days [162].
Furthermore, it has been shown that the oxidation kinetics of all AS
Met residues is similar [162]. Thus, these results confirm that the ef-
fects of DA and EGCG revealed in this work by SMFS are ascribable
to ligand binding DA or EGCG.

Figure 6.17.: Percentage of non-oxidized methionine residues after 4h-
incubation of I274-AS-I274 polyprotein in the absence of lig-
ands and in the presence of DA or EGCG. Figure taken from
[1].

6.8 native mass spectrometry

The statistical distributions of AS conformations alone or in the pres-
ence of ligands obtained by native MS showed the presence of inter-
mediate compact states (I1 and I2) together with random coil (RC)
and compact (C) conformations (Fig.6.18 for the 1:1 protein:ligand
complexes and Fig.6.19 the cumulative MS data). The concentration
of EGCG considered was not exactly the same for the two techniques
(25 µM for SMFS and 80 µM for native MS) due to the limitation of
both the instruments (lower concentrations were difficult to clearly
detect in native MS and higher concentration in SMFS lead to inter-
ference with the AFM laser beam). The concentrations of DA was
exactly the same (200 µM).

A quantitative comparison between the species distributions ob-
tained by SMFS and native-MS data is shown in Fig.6.20. An intrinsic
difference between SMFS and MS concerned the discrimination be-
tween free and ligand-bound protein molecules, which was possible
only by the latter technique. Thus, native-MS data had been pro-
cessed by two alternative ways. In one case, only signals of the 1:1
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Figure 6.18.: Species distributions obtained by native MS (considering the
1:1 protein:ligand complexes); in the legend, between brackets,
the intensity-weighted average charge of the peak envelopes
is reported (i.e. RC=17.3; I1=13.7; I2=10.5; C=8.4). Error bars
represent the standard deviations from three independent ex-
periments. Data from [149]. Figure adapted from [1].

Figure 6.19.: Species distributions obtained by native MS (considering the
cumulative MS data). In the legend, between brackets, the
intensity-weighted average charge of the peak envelopes is re-
ported (i.e. RC=17.3; I1=13.7; I2=10.5; C=8.4). Error bars rep-
resent the standard deviations from three independent experi-
ments. Data from [149].

protein:ligand complexes were considered (Fig.6.18), yielding more
reliable information on the conformational changes induced by lig-
and binding but was not exactly comparable to the blind molecular
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Figure 6.20.: RC reduction in response to ligand binding, relative to the free
protein, as obtained by SMFS and native MS, considering the
1:1 protein:ligand complexes (1:1) or the cumulative MS data
(all). Error bars represent the propagated standard deviation.
Data from [149]. Figure adapted from [1].

selection performed by SMFS. Thus, cumulative MS data, derived by
Gaussian fitting of the artificial CSD obtained by the summation of
the species-specific CSDs corresponding to the different binding stoi-
chiometries, including the free protein were considered (Fig.6.19).

In either way, the aggregated data for the unstructured (RC) com-
ponent, represented as relative change from the reference condition
of the protein in the absence of ligands, indicated a remarkable loss
of the most disordered conformation induced by ligand binding in
both the native-MS data set considered, in good agreement with the
SMFS data (Fig.6.20).
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6.9 bulk experiments : ftir and cd

For comparison to bulk spectroscopic methods, far-UV circular
dichroism (CD) and Fourier-transform infra-red spectroscopy (FTIR)
analyses were performed, as well. The aim of these measurements
was to assess if the increment of a more compact structure (for native
MS) or for a mechanically stable AS could be linked to an increase
of the secondary structure. Representative results are reported in
Fig.6.21.

Figure 6.21.: Secondary-structure content as obtained by CD and FTIR tech-
niques: A) CD spectra of 20 µM AS in PBS buffer in the absence
of ligands (gray), in the presence of 200 µM DA (orange) or 80

µM EGCG (purple). B) Second derivatives in the Amide I re-
gion of the FTIR absorption spectra of 340 µM AS in deuterated
PBS buffer in the absence of ligands (gray) and in the presence
of 1 mM DA (orange) or 800 µM EGCG (purple). Figure taken
from [1].

It can be noted that AS spectra in the presence or absence of the
ligands, acquired by either technique under the same conditions em-
ployed in SMFS experiments, were almost superimposable. Thus,
bulk methods probing secondary structure failed to capture the con-
formational changes induced by ligand binding in monomeric AS in
solution.
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7
D I S C U S S I O N : H E T E R O G E N E O U S E N S E M B L E S O F
A S P E RT U R B E D B Y L I G A N D S A N D M U TA N T S

7.1 wt as and ligands

The results obtained by SMFS for WT-AS provided direct evidence of
the presence of different conformers of AS in solution. The structural
heterogeneity of free AS in solution captured by SMFS was fully con-
sistent with previous results by using the same approach [88, 89], as
well as with results from native MS [160, 149], computational simula-
tions [224, 225] and chemical crosslinking [174], indicating the pres-
ence of at least three different conformational states characterized
by different degrees of intramolecular interactions. In analogy with
SMFS, the CSD analysis of nano-ESI-MS spectra identified, in addi-
tion to the unstructured state, the presence of three different more
compact components: two intermediate species (I1 and I2) and one
compact conformation (C).

SMFS was applied here for the first time to probe the effects of the
two fibrillation inhibitors DA and EGCG on AS conformational prop-
erties. The SMFS measurements for WT-AS in the presence of DA
and EGCG showed a clear structural effects of AS molecule elicited
by ligand binding, resulted in a rearrangement of the conformational
ensemble, according to other studies for IDPs:ligands bindings [223].

Furthermore, both SMFS and native MS technique clearly indicated
a loss of the most disordered component in response to ligand bind-
ing, resulting in the accumulation of the more structured (or compact,
as in the case of native MS data) species. Indeed, this increase in more
compact (I1, I2 and C) and more stable structure (WI and SI) could not
be simply seen as the distinct contributions of van-der-Waals interac-
tions and ordered secondary structure, differently to the proposal of
Sandal et al. [88, 89]. Indeed, an increase of almost 30% in the SI com-
ponent, as observed here in AS:DA and AS:EGCG binding, would
have been detected by CD and FTIR spectroscopies, if ascribable to
the formation of secondary-structure rich component. It was con-
ceivable that the AS conformational components detected by SMFS
under these conditions differed by contact order, type and number of
interactions, within a picture of similar secondary-structure content.
Nonetheless, the structural intermediates detected by SMFS (WI) and
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native MS (I1 and I2) could not be related in a straightforward way.
Similarly, it could not be proved the unambiguous identification of
the SI state with the most compact structure detected in native MS
(C). These could be due to the fact that the two techniques detected
different physical properties: while SMFS discriminated protein struc-
tures according to their mechanical stability under an external tension
(quantified by the unfolding force), native MS was affected by struc-
tural compactness (quantified by the acquired net charge). Different
compaction levels could correspond to similar unfolding force and
vice versa. Accordingly, the WI state, as detected by SMFS, was char-
acterized by a number of variable peaks ranging from 1 to 3 differ-
ent species, which could be compatible with different AS compaction
states. Furthermore, the SMFS instrumental noise, related to the mini-
mum measurable force (around 20pN) limited the minimal detectable
unfolding force, below which the less stable AS compact states are
counted as RC molecules, causing a possible loss of some conforma-
tions mechanically stable at low forces.

Based on these results and on the comparison of SMFS and na-
tive MS techniques, a new structural interpretation of SMFS data was
proposed [1], in particular regarding the SI structure, which was not
related to the presence of secondary structure. Nevertheless, the WI
population detected by SMFS and the intermediate species detected
by native MS do not necessarily coincide. Actually, two intermedi-
ates were detected by MS and only one by SMFS. In addition, the
WI species found by SMFS did not respond to ligands, with a not
substantial change in WI population, while the MS-detected inter-
mediates did. These results indicate that SMFS was able to capture
the decrease in structural disorder induced by the ligands as other
technique reported in litterature [133, 143, 145], but they describe the
partially structured species of the conformational ensemble in dif-
ferent ways. In particular, it seems that the collapsed and partially
structured species detected by MS contribute cumulatively to the SI
component by SMFS, while the WI component by SMFS does not
find correspondence in the MS spectra. These interactions could be
too weak to survive the ionization/desolvation step required for MS
data.

Finally, the conformations with lower unfolding force, as detected
by SMFS, could include some components with higher charge-state
detected by ESI-MS. This hypothesis could be verified by comparing
the two techniques in terms of the response of the RC component
to the binding of the ligand. Indeed, upon binding of either lig-
and there was a compatible trend of loss in such a component, as
observed by both techniques, in favour of more compact structures
(native MS) or stronger interactions (SMFS). Indeed, it was proposed
that AS changed its structure in response to DA, or most likely to by-
products of DA oxidation, adopting a conformation where its N- and
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C termini become closer together, thus, inhibiting AS fibrils formation
[149]. Since SMFS results showed that AS was more likely to assume
a compact and more mechanically stable structure upon binding to
DA, it seems to be safe to suppose that this conformational change
of AS may inhibit the fibril formation. A similar mechanism might
drive EGCG molecules to bind to unfolded polypeptide chains and
form unstructured, nontoxic oligomers, preventing the formation of
ordered βsheet-rich pathological aggregates.

Based on this study, it was possible to conclude that SMFS in-
dicated the simultaneous presence of collapsed and partially struc-
tured conformers of AS monomer in solution, consistently with other
techniques, and, most importantly, revealed induced-folding transi-
tions elicited by ligand binding. Furthermore, we showed that single-
molecule protein unfolding was able to capture changes in AS con-
formational landscape, induced by variable solution conditions, with
remarkable sensitivity and reproducibility.

7.2 as mutants

Despite the low statistic, the preliminary data of SMFS of pointy mu-
tated AS allowed us to infer that our experimental design was able
also to describe the conformational rearrangements of the AS with
pathological point mutations.

7.2.1 A30P and A53T

The distributions of the population of A30P and A53T AS mutants
in our investigation were substantially identical (∼ 42% RC, ∼ 16% SI
and ∼ 42% WI).

The effect of the point mutations in the N-terminal region (A30P
and A53T) on the AS behaviour were investigated in the past by us-
ing a construct very similar to the one employed in this work [88, 89]
and a more elegant polyprotein construct in which the AS was me-
chanically protected by a mechanostable carrier [169]. In [88] only the
A30P mutant was evaluated, showing an increase of the SI population
(from 8% for WT-AS to 37.5% for the A30P-AS) at the expense of the
WI conformation, while our results showed an increase of both SI and
WI populations. One year later, the same group [89] repeated the anal-
ysis including the A53P mutant, depicting a quite different scenario:
for the A30P mutant was found a slight increase in RC (from 41% to
53%), an important increase in SI (from 6% to 28%) and a decrease
in WI (from 53% to 19%) while for the A53P mutant the RC confor-
mation was essentially constant, the WI decreased to the final valure
of 21% and the SI increased to 36%. However it should be noticed
that the buffer conditions were different from the one used in this
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work, 10mM Tris-HCl pH 7.5 and the AS protein is very susceptible
to environmental changes.

Furthermore, the group of Carrión-Vásquez [169] obtain very simi-
lar results for both the two mutants (40% NM and 60% M, in PBS pH
7.4), showing an important decrease in the non-mechanically stable
conformations. If we consider the WI and SI as M population we ob-
tained a percentage (42%+16%=58%) very closed to the one accepted
in literature.

7.2.2 E83A

The third mutant, the E83A, recently discovered, showed a quite dif-
ferent behaviour with respect to other mutants: the principal feature
of E83A-SMFS was a decrease in RC followed by an increase in SI
populations, while the WI was constant within the error. It was the
first SMFS study of this mutant. The difference with the other mu-
tants could be imputed to the its position in the NAC domain of
AS with respect to A30P and A53T mutations which are located in
the N-terminus. Indeed, different studies [221, 222] showed that the
presence of mutations in the N-terminal portion of the AS acceler-
ated oligomerization, while the E83A mutant seemed to increase the
tendency to form β-structures involved in both fibril formation and
aggregation. From this point of view it could be proposed that the
AS oligomerisation might be driven by an increasing of both WI and
SI, while the fibrillation might be principally imputed to the presence
of AS in the SI state.

7.3 conclusions and future perspective

Single-molecule description of AS conformational ensemble in solu-
tion detected differently structured components, consistent with the
different degrees of compactness suggested by native MS. Our results
might provide valuable constraints for computational simulations of
IDP conformational ensembles in the presence or absence of interac-
tors and new insight into the PD development linked to gene muta-
tions.

As a perspective, knowing that AS:DA interactions are stabilized
by long-range electrostatic interactions with glutamate 83 (E83) in the
NAC region, it would be of particular interest to study the effects
of DA on the E83A mutant. AS-mutant data suffered from a quite
low statistic, which should be increased. Moreover, we will test a
forth mutant, the E43K and we produced a biotinilated polyprotein
construct which should be suitable to be used under the MT setup.
This MT-based SMFS should provide information on the AS structure
at lower forces, as well as kinetics and cyclic experiment of folding-
refolding.
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D I A M I N O P U R I N E - S U B S T I T U T E D D N A

In this part of the Thesis I report the main results of the nanomechan-
ical characterisation of a Diaminopurine-substituted DNA project,
which have been published on Biophysical Journal [2].

In this work a systematic comparison between a wild-type DNA
and a diaminopurine substituted (DAP) DNA was performed, in
terms of both thermal stability and nanomechanical properties, mea-
sured at almost-null, low and high forces by means of both AFM and
MT instruments.

The exotic 2.6-diaminopurine nucleobase (DAP) is an adenine-
analogue which, when incorporated into double strand DNA (ds-
DNA), forms a triple hydrogen bond with thymine (Fig.8.1). This
non canonical DNA is an interesting substrate both biologically (in
the cyanophage S-2L DAP substitution naturally occurs) and struc-
turally for nanoscale engineering (i.e. interactions between DNA and
proteins, drug candidates or even as novel dopants in DNA-based
nanoelectronics). Altough this modification, which leads a full three
hydrogen bonds all along the DNA double helix, could also change
the dsDNA mechanical conformation and stability without losing the
sequence specificity effect.

Using a combination of single molecule tools, i.e. atomic force
microscopy (AFM) and magnetic tweezers (MT) nanomechanical as-
says, and standard bulk approach as circular dichroism spectroscopy
and thermal denaturation we demonstrated that DAP substitution
increases the flexural rigidity of dsDNA also facilitates conforma-
tional shifts, which manifest as changes in molecule length. The de-
crease in bending flexibility results in DAP-containing molecules be-
having as stiffer entropic springs, characterized by longer persistence
lengths, and forming larger plectonemic loops upon supercoiling. In
the almost-static case (AFM), in which no external force is applied
to the molecule, the contour length of DAP-DNA appears shorter
than wild-type (WT)-DNA; while under low tension tension (Forces
below 2 pN), they also have similar dynamic contour lengths. At
tensions above 60 pN, WT-DNA undergoes characteristic overstretch-
ing because of severe strand denaturation and spontaneous adoption
of a conformation S-DNA. Cyclic overstretching and relaxation of
WT-DNA at near-zero loading rates typically yields hysteresis, indica-
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Figure 8.1.: 2,6-diaminopurine (bottom) is an analog of adenine with an ad-
ditional amino group at position 2 of the purine molecule. When
paired with thymine, it forms an additional hydrogen bond
along the minor-groove side of the molecule. Fig. taken from
[2].

tive of tension-induced melting; conversely, cyclic stretching of DAP-
DNA showed little or no hysteresis, consistent with the adoption of
the S-form, similar to what has been reported for GC-rich sequences.
In physiological salt conditions, evenly mixed AT/GC DNA typically
overstretches around 60 pN. GC-rich sequences overstretch at sim-
ilar if not slightly higher tensions. In this work we assessed that
DAP-DNA overstretches with a force of 52 pN. In summary, DAP
substitution decreases the overall stability of the B-form double helix,
biasing toward non-B-form DNA helix conformations at zero tension
and facilitating the B-to-S transition at high tension.
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M AT E R I A L S A N D M E T H O D S :
D I A M I N O P U R I N E - S U B S T I T U T E D D N A

9.1 dna preparation

Normal and DAP-substituted DNA sequences were produced us-
ing a standard polymerase chain reaction (PCR). DAP-substituted
DNA was produced by replacing dATP with 2,6-diaminopurine-
5’-triphosphate (Trilink Biotechnologies, San Diego, CA) at the
same concentration (200µM) as the other three dNTPs (Fermentas,
Waltham, MA).

9.2 melting temperature characterization

The melting temperature of wild-type and DAP substituted se-
quences was determined from fluorescently detected melting curves
[226, 227]. Three 155, 147, and 156 base-pair-long portions of the
pBR322 plasmid were studied, containing 40%, 54%, and 65% GC-
content, respectively. The sequences were amplified using Taq DNA
Polymerase (New England Biolabs, Ipswitch, MA) in ThermoPol
buffer. Following PCR amplification, DNA samples were purified
with a Qia Quick PCR cleanup kit (Qiagen, Germantown, MD) and
eluted in 10 mM Tris-HCl pH 8.5. Amplicon lengths were verified
by gel electrophoresis and concentrations measured by UV absorp-
tion using a Nanodrop Lite (Thermo Scientific, Waltham, MA). DNA
was diluted to 10ngµL−1 in 10 mM Tris-HCl pH 7.4, with 15 mM
KCl. Two intercalating dyes were used to assess melting: Syto-84

(useda a 1µM) and Sybr-Green I (used over a range of 0.0005 - 0.01%
v/v 10,000x)(Thermo Scientific). For each sequence and type at least
6 samples were measured and averaged. Fluorescent intensity was
recorded using a BioRad C1000 qPCR machine (BioRad, Hercules,
CA) over a temperature range of 60-95

oC in 0.5oC increments.

9.3 dna for magnetic tweezer and afm experiments

Magnetic Tweezer (MT) and Atomic Force Microscopy (AFM) exper-
iments measuring DNA mechanical parameters and overstretching
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were performed using 4642 bp-long (hereafter 4.6 kb) DNA frag-
ments. For the MT experiments, tethers were constructed from three
components: a 4.6 kb long core fragment containing either wild-type
or DAP-DNA, and two ∼ 1kb flanking tails containing biotin-or
digoxigenin-11-dUTPs. The core fragment was prepared by PCR
with Long Amp™(New England Biolabs) using the pKLJ12wt plas-
mid and primers 5’ -AGCGTTGGCGCCGATTGCAGAATGAATTT
and 5’ TGGGATCGGCCGAAAGGGCAGATTGATAGG, which
contain KasI and EagI restriction sites (underlined), respectively. A
single major amplicon around 4.6 kbp was produced (Fig. 9.1). The
biotin and digoxigenin-labeled tail fragments were also produced
by PCR using Taq polymerase in standard buffer (NEB). PCR
solutions were supplemented with biotin-11-dUTP (Fermentas) and
digoxigenin-11-dUTP (Roche, Indiannapolis, IN) in a 1:9 ratio with
respect to dTTP. The biotin-labeled fragment was amplified from
pUC19 using the primer pair 5’-ATGATCCCCCATGTTGTGCA
and 5’-TCAAGACGATAGTTACCGGATAAG to create a 1.8
kb biotin-labeled amplicon with a central KasI site. The
digoxigenin-labeled fragment was amplified from pBluKSP us-
ing the primer pair 5’-TGGGTGAGCAAAAACAGGAAGGCA and
5’-GCGTAATCTGCTGCTTGCAA to create a 2 kb dig-labeled am-
plicon with a central EagI site. Thermocycle conditions are listed in
Table S4.

Following PCR amplification and column purification (Qia Quick
PCR cleanup; Qiagen) the core and tail fragments were digested with
KasI and EagI-HF restriction enzymes (New England Biolabs), pu-
rified again, and concentrations were measured by UV absorption.
Restriction of the tails yields roughly 1 kb fragments with a single
KasI or EagI sticky-end. Restriction of the core fragment produces
a 4.6 kb sequences with KasI and EagI sticky-ends at opposite ends.
Note that this fragment sets the effective tether length in MT experi-
ments, because the randomly bio- or dig-labeled handles will almost
completely attach to the magnetic bead and the chamber surface,
marginally contributing to the DNA extension. This is confirmed
by DNA extension MT measurements (as seen in Fig.10.5). As conse-
quence, we expect that the MT measurements are mainly determined
by the core fragments.

To assemble the final tether, approximately 600 ng of the core frag-
ment was mixed with 250 ng of each tail along with 30 U of T4 DNA
ligase (NEB) and the recommended buffer to a total volume of 30 µL

and incubated at 16
oC for 4 hours. After heat-inactivation at 65

oC
for 20 min, the ligation mixture was used directly in the micro flow-
chambers.
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Figure 9.1.: A short exposure (left) of a 1% agarose gel of the products from
PCR reactions with dCTP, dGTP, dTTP, and either dATP (WT)
or dDAPTP (DAP) reveals a major amplicon near 4.5-5 kbp and
other minor amplicons which are more abundant in the DAP
sample. Short amplicons are also visible in the AFM images
(Fig.10.2, panel B). A longer exposure (right) of the same gel
displays a saturated signal for the desired amplicon while other
bands are still quite faint. This indicates the relative homogene-
ity of the desired amplicon.

9.4 magnetic tweezing

The Magnetic Tweezer (MT) used in this work was built using an in-
verted, infinity-corrected microscope. A set of permanent magnets
was mounted above the sample, between the stage and condenser op-
tics. These magnets could be translated along and rotated around
the optical axis to control the tension and supercoiling of the DNA
tethers [228, 229]. The flow-chamber used for the MT experiments
consists of a 50 µL capillary functionalized with anti-digoxigenin an-
tibody (Roche, Indianapolis, IN) [228]. DNA-tethers were formed
by incubating the biotin and digoxigenin end-labeled fragments with
streptavidin-coated superparamagnetic beads (Invitrogen, Carlsbad,
CA) for ∼ 15 min. Conjugated tethers were isolated with a magnet
and re-suspended in 500 µL PTE buffer (phosphate-buffered saline
pH 7.4 with 1mM EDTA and 0.1% Tween). For low force experiments
1 µm diameter magnetic beads were used, while for overstretching
measurements (where forces in excess of 50 pN were needed) 10µm

beads (Invitrogen) were used. Finally, tether suspensions were in-
cubated in the capillaries for about 1h before flushing out unbound
tethers with 8-10 mL PTE buffer. All MT measurements were carried
out in PTE buffer.
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9.5 afm based imaging

Nano-scale images of wild-type and DAP-DNA deposited onto mica
surfaces were acquired using a Nanowizard II (JPK Instruments,
Berlin, Section 1.2). WT and DAP molecules were diluted in 5

mM MgCl
2

in MilliQ water to a final concentration between 0.2-0.3
ngµL−1. 10 µL of each solution was deposited onto freshly cleaved
mica substrates and incubated at room temperature for 5-10 min. The
samples were then rinsed with 0.22 µm-filtered deionized ultra-pure
water and dried with a gentile nitrogen flow.

Images were acquired with the AFM operating in tapping mode, in
air, using stiff silicon cantilevers (RTESO-Veeco, resonant frequencies
of 300-350 kHz and spring constant ∼ 40N ·m). 8 x 8 µm2 images were
collected using a 0.5-1 Hz scan rate with 2048 x 2048 pixel resolution.
Several hundred DNA molecules were recorded from several widely-
spaced areas of each sample and processed with a standard flatten
filter in the JPK Data Processing software.

To morphologically characterize the two samples, we traced the
DNA contours using a custom-tracing routine [230] and calculated
the contour length, L0 [231]. Only molecules in the range 1.1-1.8 µm
surrounding the expected length were included. The average end-to-
end distance of segments of the DNA molecules as a function of their
separation along the contour was analyzed to estimate the persistence
length (LP) according to the worm-like chain model (Appendix D.3).

9.6 circular dichroism spectroscopy

Wild-type and DAP DNA molecules produced for the melting experi-
ments and the 4.6 kb core fragments from the AFM/MT experiments
were diluted to concentrations ranging from 10-30 ng µL2 in 10 mM
Tris-HCl pH 7.4 with 150 mM KCl. The CD spectra of the respective
samples were measured using a Jasco J-810 spectrometer (Jasco Cor-
poration), in a quartz cuvette and blanked against the spectrum of
Tris-KCl buffer without DNA. The spectrum of each sample was mea-
sured three times at wavelengths 210-310 nm (in 0.2 nm increments),
averaged and smoothed with a Savitzky-Golay filter of third-order
using a 31 step (6 nm) window width.

132



10
R E S U LT S : N A N O M E C H A N I C A L
C H A R A C H T E R I S AT I O N O F D N A - A N A L O G U E

10.1 thermal denaturation

Under the typical DNA B-form structure Watson-Crick base pairing,
the two backbones of a DNA molecule are held together by hydrogen
bonds formed between the opposites base pairs. As a results of this
model, it is reasonable to expect that the melting temperature may be
proportional to the total base-pairs hydrogen bond in the molecule
under study, which, for a standard DNA molecule reflects the num-
ber of A-T and G-C base pairs. However, it has been demonstrated
that also the stacking interactions between the A-T and G-C duplexes
play a role in changing the melting temperature, arising a sequence-
dependent effect [232, 233]. Consequently, the DAP-substitution into
a DNA molecule, even relatively short, could be expected to affect
melting temperatures at least in three different ways: the 3 hydrogen
bond for all the base-pairing stabilized the molecule, the stacking in-
teractions of adenine and DAP are likely different, and the presence
of an extra amino group may alter the conformational stability of
B-DNA.

The melting temperature (Tm) of three sequences containing 40%,
54%, and 65% GC were compared, as shown in Fig.10.1 where mea-
sured (red and blue dots) and calculated (yellow and purple dots)
values of Tm are presented as a function of GC percentage. The frac-
tion of helical versus single stranded DNA was measured by fluores-
cence in the presence of the intercalating dye Syto-84, which has been
shown to shift melting temperatures by less than 0.6oC at 1µM.

For relatively short sequences, as the ones which are used here, the
melting process is approximately binary and the full sequence sepa-
rate at the same time. With that approximation, melting temperatures
can be estimated by

TM =
∆H

∆S+ R ln [dsDNA]
2

− 273.15, (10.1)

where Tm is the temperature at which 50% of dsDNA molecules will
be melted, ∆H is the sequence dependent enthalpy, ∆S is the sequence
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Figure 10.1.: Melting curves of three sequences of WT (blue, solid circle)
and DAP-DNA (red, solid triangles) with GC fractions of 0.4,
0.54, and 0.65 were measured using the fluorescence of Syto-84
(1 µM); error bars indicate SD. WT results closely match Tm
predicted by the SantaLucia nearest-neighbor model (yellow);
error bars indicate model accuracy. The DAP melting temper-
atures were fit with a modified SantaLucia model (purple). A
least-squares fit yields α = 0.12± 0.03 kcal (mol)−1. Data ob-
tained by Dr. Daniel Kovari in Dunlap Lab, Emory University,
Atlanta. Fig taken from [2].
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dependent entropy, R is the gas constant and [dsDNA] is the concen-
tration of dsDNA in solution.

Under the SantaLucia nearest-neighbour model, ∆H and ∆S are
equal to the sum of empirically determine nearest-neighbour terms
and are corrected to account for salt-dependent effects [234, 235]. This
model yields a predictions of the three sequences melting tempera-
ture within ±0.8oC of (Fig.10.1 blue and yellow dots).

DAP-substitution increases melting temperatures without eliminat-
ing sequence-dependent effects, increasing the Tm of each sequence
by 6-8oC. This clearly indicate that the melting temperature is not
only dependent to the number of H-bonds but it is strongly sequence-
dependent.

To underscore this point a modified version of the SantaLucia
model has been used. Under this extended model, the enthalpy of
each A-T pair is supplemented with an additional factor (α) account-
ing for both the effect of the additional hydrogen bond, changes in
stacking energy, and perturbations to conformational stability.

A least-squares fit to the DAP melting data yields α = −0.12 ±
0.03kcal(mol)−1. While even this model does not perfectly predicts
the Tm for each sequence, it does preserve the general trend.

10.2 zero-force regime : atomic force microscopy

A zero-force characterisation has been performed by means of AFM
imaging. WT and DAP-DNA molecules were deposited onto freshly
cleaved mica surfaces and imaged in tapping mode, obtaining both
the static contour (Lc) and persistence lengths (Lp). Representative
images of both WT and DAP samples are shown in Fig.10.2. Both
the Lc and Lp were measured by tracing each DNA filament using a
MATLAB custom-written image recognition routine and computing
the integrated length [230].

For the Lc calculation, molecules that were significantly longer
or shorter than the expected range were discarded from the data
set. An histogram of contour lengths for WT and DAP molecules
is included in Fig.10.3A. As indicated, DAP-substitution decreased
the average contour length from 1.45 ± 0.12µm to 1.30 ± 0.12µm
(p = 3.07 · 10−4), corresponding to axial rises per base pair of
3.11Å(bp)−1 and 2.79Å(bp)−1 respectively, consistent with previous
measurements [236].

The persistence length Lpwas estimated from the measured mean
square displacement between points along the contours of molecules
in two-dimensions [230]. For a worm-like chain confined to two
dimensions, the average squared distance 〈R2L〉 between two points
along the chain is given by

〈R2L〉 = 8L2p

(
L

2Lp
− 1+ e

− L
2Lp

)
(10.2)
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Figure 10.2.: Representative images of (A) wild-type and (B) DAP-DNA
molecules captured via AFM. Fig. taken from [2].

where L is the curvilinear distance along the chain between the points,
and Lp is the molecule’s persistence length [237, 238]. Using the x-y
coordinates generated by the tracing routine, it is straightforward to
compute the distance between points separated by increasing con-
tour lengths. The data for molecules from either WT or DAP samples
were pooled, and the means of the squared end-to-end distances were
computed as a function of separation along the contour length and
fit to Eq.10.2 (results shown in Fig.10.3B). Excluded volume effects
were negligible given the low DNA concentration and the limiting of
contour length separations to less than 200 nm when fitting Eq.10.2
[239]. WT-DNA yielded Lp = 56.2± 0.1nm, while DAP-substitution
increased the persistence length to Lp = 79.9 ± 0.3nm (95% confi-
dence interval). Analysing overlapping or non-overlapping segment
data produced similar estimates (Fig.10.4 and Table 10.1).

10.3 low-force regime : magnetic tweezers

The mechanically characterization of DAP sobstituited-DNA has been
performed via Magnetic Tweezers (MT)-based force spectroscopy. 4.6
kbp DNA tethers were subjected to forces ranging over 0.001-5 pN
and their end-to-end lengths were measured. Only molecules in the
range 1.1-1.8 µm, surrounding the expected 1.5 µm length, were in-
cluded in the analysis. Below 10 pN DNA acts as an entropic spring
and is well characterized by a worm-like-chain (WLC) polymer model
(see Appendix D for details). The force-length dependence for a WLC
is approximately

F(Le) =
kBT

Lp

(
Le

L0
+
1

4

(
1−

Le

L0

)−2

−
1

4

)
(10.3)
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Figure 10.3.: Contour and persistence length measured via analysis of AFM
images. (A) Contour length was calculated by tracing individ-
ual molecules in each AFM image. DAP substitution reduced
the length. The distributions are statistically different in a two-
tailed t-test (p = 3.07 · 10−4). (B) Mean-squared distance versus
separation along each molecular contour is shown. Data points
(blue circles and red squares) correspond to the average square
distance, aggregated for all molecules of a given type (WT and
DAP, respectively). Data was fit to Eq.10.2, yielding estimates
of the average persistence length; ± error indicates 95% confi-
dence interval. Fig. taken from [2].

Figure 10.4.: Plots of the average, squared end-to-end distance as a function
of the contour length of segments within DNA molecules im-
aged using the AFM. Selecting segments with no overlaps (left)
produced more variation in the curves with respect to selecting
all available segments (right). However, the persistence length
values obtained by fitting the curves were quite similar (Table
10.1). Fig. taken from [2].
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Data with Overlapping Data without Overlapping
Max L separation WT DAP WT DAP

nm nm nm nm nm
100 56.0± 0.8 80.0± 0.5 55.6± 0.4 79.8± 0.2
200 56.4± 0.5 80.2± 0.3 56.2± 0.1 79.9± 0.3
300 58.4± 0.6 83.3± 0.4 57.9± 0.2 80.7± 0.3
400 57.2± 0.4 85.2± 0.5 58.3± 0.1 83.4± 0.3

Table 10.1.: Fitting parameter Lc and Lp for both overlapping and not over-
lapping segments . Parameters were obtained of the average,
squared end-to-end distance of segments within DNA molecules
imaged using the AFM as a function of the contour length of
those segments were fit with two-dimensional worm-like chain
models limiting the maximum contour length as indicated for
each row. Limiting the maximum separation value between 100-
400 nm only slightly changed the fitted persistence length val-
ues.

where Le is the end-to-end distance, L0 is the molecule’s contour
length, and Lp is the persistence length. For each molecule, force
versus length measurements were fit to Eq. 10.3 yielding estimates
of both L0 and Lp. Representative measurements and accompany-
ing fits for a WT and DAP molecule are included in Fig.10.5. DAP-
substitution increased persistence length from 45± 4 nm for WT to
56 ± 5 nm for DAP (p = 5.22 · 10−16). However, dynamic contour
length only decreased from 1.51±0.13 µm to 1.46±0.12 µm, a change
that is not statistically distinct (p = 0.103, see Fig.10.5B, C).

Both MT and AFM reveal a significant increase in the persis-
tence length values after DAP-substitution, indicating that DAP-DNA
molecules are stiffer (i.e. harder to bend). This result is consistent
with what has been reported previously for experiments using AFM
and optical tweezing [236, 241]. Similarly, previously reported MT ex-
periments measuring supercoiled-DNA found that DAP-substitution
increased the size of plectonemic writhes, which is consistent with
DAP-DNA being harder to bend [242].

10.4 high force regime : magnetic tweezers

The DNA overstretching transition is characterized by a roughly 1.7x
increase in the molecule length when the applied force exceeds a crit-
ical value. Under near-physiological conditions, overstretching typi-
cally occurs around 60-70 pN for WT-DNA. This transition exhibits
both force-induced melting, wherein the phosphate backbones sepa-
rate enabling each strand to stretch independently, as well as the for-
mation of a double-stranded form called S-DNA. The propensity of a
DNA molecule to form S-DNA rather than undergo force-induced
melting is sequence dependent. Indeed, simulations have shown
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Figure 10.5.: WLC fits of force versus length MT data. (A) Representative
force versus length data for wild-type (blue) and DAP (red)
DNA molecules with corresponding WLC fits (solid line for
WT and dashed line for DAP) are shown. Fit errors corre-
spond to 95% confidence limits. (B) Histogram of fit persis-
tence length values is shown; DAP substitution increases Lp
to 56± 5 from 45± 4 nm for WT. Distributions are statistically
distinct, p = 5.22 · 10−16. (C) Histogram of fit contour length
values . DAP substitution does not significantly decrease dy-
namic contour length, p = 0.103. N = 35 for WT and N = 48 for
DAP in both histogram plots. Figure taken from [2].
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that while G-C pairs persist through the transition, A-T pairs often
form melted bubbles [243]. Moreover, cyclic pulling experiments
demonstrate that force-induced melting is associated with hysteresis,
such that once melted, the complementary strands re-anneal slowly
[246, 245, 244].

To investigate how DAP affects overstretching, the force-extension
behaviour have been analyzed in the high-force regime both for WT
and DAP DNA. Torsionally constrained molecules (verified by a twist
versus extension curve) were excluded from the analysis because
torsional constraint fixes the helical linking number, forcing hyper-
extended molecules to adopt a so-called P-DNA configuration [247].
Nicks occur randomly during the preparation of the DNA tether
and it has been estimated that less than 26% of the molecules ana-
lyzed had more than one nick. Thus, nicks did not strongly bias the
overstretching measurements nor the observed hysteresis. Remark-
ably, DAP-DNA overstretched at a significantly lower transition force
than WT-DNA. The overstretching transition force (FOS) was char-
acterized by calculating the midpoint of the transition plateau. As
shown in Fig.10.6A, DAP-substitution lowered the transition force to
FOS = 52± 3 pN compared to FOS = 60± 2 pN for WT-DNA for data
collected in 150 mM PBS.

Cyclic extension and relaxation also revealed that DAP-DNA ex-
hibits very little hysteresis through the overstretching transition. The
lack of hysteresis in the DAP curves indicates that peeling does not
occur even in the presence of nicks, in support of DAP bases favoring
S-DNA formation rather than melting. By comparison, nearly all WT
molecules show significant hysteresis, indicating that force-induced
melting constituted the bulk of extensional increase. To quantify the
difference in DAP and WT behavior we calculated the area between
the extension and relaxation traces for each molecule (see Fig.10.6C,
D for illustration). The MT essentially operate as force-clamps. In
these experiments, each data point is recorded over a period of 45-
60 seconds, with at least 1 sec between successive measurements.
The entire hysteresis measurement requires at least 20 min. Con-
sequently, the molecules were stretched at almost zero loading-rate
and the DNA remains overstretched for several minutes. Results are
shown in Fig.10.6B. The smaller secondary plateau in Fig.10.6D at
about 56 pN appeared in some, but not all measurements; therefore
we do not speculate as to its origin. In summary, WT-DNA had an
average hysteresis area of 19± 9pN · µm, while DAP-DNA averaged
2± 1pN · µm (p = 2.73 · 10−5).

10.5 cd spectroscopy

The circular dichroism spectra of wild-type and DAP versions of the
40%, 54%, 65% GC, and 4.6kb core fragments were measured over
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Figure 10.6.: Overstretching under high external force. (A) Histogram of
overstretching transition force is shown. Distributions are sta-
tistically distinct, p = 2.88 · 10−8. (B) Whisker plot of area be-
tween extension and relaxation curves are shown. Nearly all
WT molecules exhibited significant hysteresis H = 19± 9pN ·
µm; DAP molecules showed little hysteresis H = 2± 1pN · µm.
(C) Example force-extension cycle for WT-DNA is shown. As
tension is increased (light blue trace), the molecule undergoes
force-induced melting. Upon relaxation (dark blue), molecule
length decreases with a different characteristic curve owing
to the presence of single-stranded DNA. (D) Example force-
extension cycle for DAP-DNA is shown. Little hysteresis is ob-
served between extension and relaxation, indicating basepair
persistence and the adoption of the S-form
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Figure 10.7.: CD spectra of WT (blue, solid lines) and DAP-substituted
molecules (red, dashed lines).

the range 210 − 310nm. Results are shown in Fig.10.7. The spec-
tra of all four wild-type molecules show the expected behavior of
B-DNA, specifically a local-maximum in the 270− 280nm range and
a local-minimum around 250nm [248]. The spectrum of 4.6kb DAP
molecules is very similar to the spectra reported by Peters et al. and
Virstedt et al. for DAP-substituted molecules without extensive AT
or GC repeats, namely the 4.6kb DAP-spectra shows a peak near 290
nm, a shoulder between 260− 270nm and a minimum near 250 nm
[236, 241]. Interestingly, the 40%, 54% and 65% GC sequences show a
progressive shift from non-WT behavior towards a WT-like spectrum.
40% molecules, which have the most DAP, show a peak at 295 nm,
a minimum at 248 nm, and a modest local-minimum at 274 nm. As
DAP content decreases (and GC-content increases) the minimum at
274 nm fades.

The measured mechanical characteristics for wild-type and DAP-
substituted DNA are summarized in Table 10.2. The values reported
in the text refer to mean ± standard deviation.
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Parameter Unit Type Mean Std. Dev. N 95% CI p-value

L0 (MT) µm
WT 1.51 0.13 35 ±0.04

0.103

DAP 1.46 0.12 48 ±0.03

L0 (AFM) µm
WT 1.45 0.12 22 ±0.05

3.07 · 10−4

DAP 1.30 0.12 20 ±0.05

Axial Rise (MT) Å(bp)−1 WT 3.25 0.27 — ±0.09
—

DAP 3.16 0.27 — ±0.07

Axial Rise (AFM) Å(bp)−1 WT 3.11 0.12 — ±0.11
—

DAP 2.79 0.12 — ±0.11

Lp (MT) nm
WT 45 4 35 ±1.2

5.22 · 10−16

DAP 56 5 48 ±1.5

Lp (AFM) nm
WT 56.2 — — ±0.1

—
DAP 79.9 — — ±0.3

FOS pN
WT 60 2 16 ±1.1

2.88 · 10−8

DAP 52 3 15 ±1.6

Hysteresis Area pN · µm WT 19 9 12 ±5.08
2.73 · 10−5

DAP 2 1 10 ±1.07

Table 10.2.: Summary of results
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11
D I S C U S S I O N : D A P S U B S T I T U T I O N I N D U C E S D N A
S T R U C T U R A L R E A R R A N G E M E N T

The melting experiments clearly demonstrate that DAP-substitution
increases the thermal stability of dsDNAs but does not raise melt-
ing temperatures to the expected level of equivalent length poly-GC
fragments. Fitting the melting data against the modified SantaLu-
cia model shows that the DAP-substitution stablizes the per-base hy-
bridization energy (α in Fig.10.1) by ∆∆E = −0.12± 0.03kcal(mol)−1,
but it does not reach the values expected by "dangling-bond" assay
[249]. The results suggest that factors such as conformational instabil-
ities (resulting from steric clashes in the minor groove, for example)
partially offset the stabilizing effects of the extra hydrogen-bond and
stronger base-stacking.

In addition to the increased thermal stability, the DAP-DNA also
resists force-induced melting. While WT molecules exhibited signifi-
cant hysteresis when relaxing from the overstretching transition, DAP
molecules show little to no hysteresis, suggesting that DAP-DNA
molecule’s two polynucleotide backbones remain hybridized during
overstretching [250].

The low-tension AFM and MT experiments confirm that hat DAP-
substitution stiffens the molecule against lateral bends and increases
persistence length. However, the results at higher tension also reveal
that DAP-substitution lowers the energetic barrier of conformation
changes, lowering its resistance to overstretching.

The CD-spectra of WT and DAP molecules shown in Fig.10.7 con-
firm that DAP-substitution alters the helical conformation, although
the spectra of DAP-DNA are not indicative of A-DNA. In line with
what has been reported by others [249], DAP-DNA shows a peak near
290nm, a local minimum near 275nm and a minimum at 250nm, dis-
tinctly from both the B-DNA and A-DNA configurations.

Interestingly, while DAP-substitution resulted in a significant re-
duction in contour length as measured by AFM (from 3.11Å(bp)−1

down to 2.79Å(bp)−1, a 10% decrease), it only had a marginal effect
when measured with MT (3.25Å(bp)−1 to 3.6Å(bp)−1, a 3% decrease).
Although the imaging at zero forces suggests that the helix of DAP
molecules increases its pitch, this change is not preserved when a
low-to-moderate tension is applied. Considering also the CD spec-
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troscopy results, one explanation for the discrepancy is that an un-
perturbed DAP molecule adopts a non-canonical conformation, but
quickly reverts back to B-DNA when mildly stretched.

If DAP-DNA more readily adopts non-canonical forms at zero-
tension it would be reasonable to expect those steric clashes to also
facilitate conformational changes at high-tension, i.e. overstretch-
ing transition. For WT-DNA the characteristic overstretching tran-
sition around 60 pN is caused by different factors including force-
induced melting and adoption of the S-DNA conformation [251]. The
force-induced melting tends to originate at AT-rich regions while GC-
sequences tend to form S-DNA. The melting and hysteresis exper-
iments shown in the previous section demonstrate that DAP-DNA
base pairing is significantly more stable than WT-DNA, presenting a
significantly lower transition tension than WT sequences. This indi-
cates that DAP-substitution not only disrupts B-DNA at low-tension
but also lowers the energetic barrier between B- and S-form DNA.

11.1 conclusion

Diaminopurine is a nucleobase analog of adenosine causing a third
hydrogen bond when base paired with thymine. This additional
amine resides on the minor-groove side of the DAP-T base pair and
it not only stabilizes DAP-T pairs but significantly changes dsDNA
conformation and mechanics. In this part, through AFM imaging,
mechanical characterization using a MT, and CD spectroscopy it has
been showed that DAP-substitution induces DNA molecules to adopt
a non-canonical helix when in relaxed configuration and resist flexu-
ral bending at low-to-moderate tension (<10 pN), yet it also decreases
the overstretching threshold from roughly 60 pN to 52 pN. From an
energetic point of view, the steric clashes of DAP’s extra amino group
penalize entropic bends (increasing the persistence length) but, also
raise the conformational free energy of the B-form helix, facilitating
axial extension and initiating the B-to-S transition at a lower tension.
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12
R E A L T I M E D E T E C T I O N O F D N A : C O N D E N S I N
M U LT I S T E P S C O L L A P S E

In the last ten years the use of single molecule force spectroscopy
for studying biologically relevant processes has led the community
to face the problem of thermal noise embedded into the single mea-
surement. Indeed, the energy of thermal fluctuation (kBT ) is in the
same order of magnitude of most biological events and it could not
be avoided (i.e. it is not possible to lower the temperature or con-
sidering instrumental strategies to decrease the intrinsically thermal
energy). This problem could be afforded by acquiring a relevant num-
ber of single traces and mediate the final results, or by applying some
kind of filter (both in real time during the acquisition and a posteriori)
or by using low temperature devices for recording the signals (CCD
cameras). However, to clearly characterise some fast and sudden pro-
cesses, it is necessary to work with raw and high-frequency-sampling
data and to distinguish between the real events and the thermal fluc-
tuations [252, 253]. This is the case of DNA-fast-condensation, as the
one induced by SMC proteins, in particularly condensin [254].

In this part of the Thesis I afford the problem by adapting a
MATLAB-written code to detect steps, smaller than the thermal noise,
embedded into a extension-vs-time Magnetic Tweezers trace. To con-
firm the results, several instrumental test had been performed to de-
termine the resolution of the instrument at the different employed
forces (Appendix E).

This work has been done in the Moreno-Herrero Lab, CNB-CSIC,
Madrid under the supervision of Dott. Fernando Moreno-Herrero
and collaborating with Dr. Silvia Hormeño-Torres, Dr. Julene
Madriarga-Marcos and Dr. Clara Aicart-Ramos. The condensin pro-
tein has been purified in the Luis Aragón Lab, Imperial College, Lon-
don (see Section 3.3).
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13
M AT E R I A L S A N D M E T H O D S : C O N D E N S I N - D N A
I N T E R A C T I O N S

13.1 dna substrates for mt

The DNA substrates employed in this work are two different
torsionally-constrained standard DNA: a 6.310 Kbp-long (2.14 µm)
and λ/2 DNA, both of them were fabricated as reported in [43] by Dr.
Clara Aicart-Ramos in Moreno-Herrero Lab.

Briefly, for both th e 2-µm long and λ/2 DNA molecules, CosR-
tail and CosL-tail oligonucleotides were biotin tailed and the Xba-
A oligonucleotide was digoxigenin tailed using Terminal Transferase
(NEB) and either BIO-dUTP or DIG-dUTP (Roche). The modified
oligonucleotides were purified using a Qiaquick nucleotide removal
kit (Qiagen). N6-Mehtyladenine free λ DNA (NEB) was cleaved with
XbaI, giving two 24 508 bp fragments. These fragments and the three
tailed oligonucleotides in addition to the XbaI-B oligonucleotide were
subsequently annealed and ligated overnight using T4 DNA ligase
(NEB).

13.2 mt flow cells

In this work, we employed a standard flow cell (with one inlet and
one outlet) as described in [43, 44, 45]. Briefly, two silicate glass cov-
erslips (Menzel-Gläser, # 1) were cleaned by 30 min of sonication in
acetone followed by 30 min in isopropanol, and dried using com-
pressed air. The clean surface of the lower part of the flow cell was
coated with 1% polystyrene dissolved in toluene. The top cover glass
contained two holes drilled with a laser engraver (VLS2.30, Univer-
sal Laser Systems), while the paraffin wax (Parafilm M, Bernis USA)
gaskets were manually cut, to obtain a flow cell of ∼ 100µl in vol-
ume. The two cover glass coverslip and the parafilm gasket were
sandwiched and heated up for a few seconds at 120◦ to assemble the
final flow cell. The cells were then incubated with an Antidigoxigenin
(25ng/µl) solution (Roche) overnight at 4◦ and stored in a humid and
sealed container at 4◦ until further use.
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13.3 condensin purification

The condensin protein has been purified in the Luis Aragón Lab,
Imperial College, London following the procedure described in
[54, 55, 58]. The samples were aliquoted and stored at −80◦ until
further use.

13.4 magnetic tweezing

In this work, a home-made magnetic tweezers setup described in [46]
was used. In brief, images of 1 µm streptavidin-coated superparam-
agnetic beads (Invitrogen, Carlsbad, CA) tethered to the surface of a
glass slide by DNA constructs are acquired with a 100x oil immer-
sion objective and a CCD camera. Real-time image analysis was used
to determine the spatial coordinates of beads with nm accuracy in
x, y and z. A step-by-step motor located above the sample moves a
pair of magnets allowing the application of stretching forces to the
bead-DNA system. Data were acquired at 120 Hz.

To obtain a homogeneous population of DNA molecules in the
three configurations (Nicked, Torsionally constrained and Double),
the DNA substrates were incubated 1 µm streptavidin-coated beads
for 9 minutes with a gentle agitation every 3 minutes, then 10µl of
free Biotin (Sigma) 1mM for 5 minutes for passivizate the beads with-
out bounded DNA. Before flowing the sample into the flow cham-
ber, the measurement buffer (50 mM TRIS HCl pH 7.5, 100 mM
KCl, 2.5 mM MgCl

2
, 1 mM DTT, 0.1 mg/ml BSA) was added to the

DNA:beads:biotin mixture to reach the total volume of 100µl.

Then, the sample was injected in the liquid flow cell the and in-
cubated for 10-15 min before applying force. In a first preliminary
step, visual inspection allows identification and selection of tethered
DNA molecules. Torsionally-constrained molecules (TC), beads with
more than a single DNA molecule (Double) and non torsionally-
constrained filaments (Nicked) were identified from their distinct
rotation-extension curves (for details see Fig.14.1).

13.5 data analysis - code

To assessed if the data are characterized by a step-like behaviour, I
used two different user-independent step-finding algorithm, both of
them developed in MATLAB language. The raw data were processed
with Origin program (to subtract the reference bead trace, in order
to avoid thermal shifting, and to subtract the zero of each molecule,
to have the real DNA-extension on y-axes) before being analysed by
means of the MATLAB code.
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13.5.1 Step-Finding-Algorithm

The first algorithm, the Step-Finding-Algorithm-1, was basically im-
plemented in MATLAB following the same work-flow described by
Kerssemakers et al [252] and more recently used by Dekker and co-
workers for analysing DNA:condensin MT traces [254].

The method works as follow: the data are cut (if necessary) to have
the appropriate region of interest (i.e. - only the data at a certain force
or after the flow stop). If there are some evident spikes in the trace
they could be easily removed by a very short cycle to find and discard
the maximum(s). Depending on the analysis, a gaussian-filter could
be added to the data (where not otherwise specified the smooth was
intended on 10-points gaussian-smooth filter).

The step finding was performed taking advantage of both the MAT-
LAB function findchangepts and a custom written function fitchangepts
in a typical line of code:

step_signal=fitchangepts

(data_10,findchangepts(data,’Statistic’,’mean’,...

’MaxNumChanges’,n_step_iter1),’std’);

The number of steps were routinely changed from Nstepiter = 1

to, namely Nstepiter = 200.
For each iteration, the χ2 was independently calculated according

to the equation 13.5.1:

χ2(Nstep−iter) =

Nsample∑
i=1

(xi − xstep,i)
2 (13.1)

Where Nsample was the number of points in the sample, xi i-th
points in the sample data, xstep,i i-th points in the found step signal.
The χ2 for a signal with a thermal gaussian noise σ and Nsample

points should be in the order of χ2GoodFit ∼ Nsample · σ2.
The step-like signal found was then slightly shifted (shift = 250

points, ∼ 2 s, signal-counter) and the χ2counter was calculated again
between the data trace and the signal-counter. In theory, for a non-
step like signal, a voluntarily mis-placed step-fitting should not affect
the χ2 result.

Therefore, the ratio between the χ2 value of fit and counter-fit
χ2counter reached a maximum at the most likely number of steps,
whereas this ratio is 1 if there were no steps. The S-value was there
plotted against the number of step finding. It shows a clear two-
slope increase, and saturated for N > Noptimalfit. To highlight the
transition step the first derivative (MATLAB function polydif ) was cal-
culated and the maximum was chosen for computing the best fit.

For particularly complicated traces this processed could be au-
tomatically repeated at least twice, deliberately choosing Nstep <
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Noptimalfit and subtracting the resulting step-fit from the raw
data. The second cycle was then run on the signal difference
and the final step − signal should be the sum between the step −

signal(1stiteration) and the step− signal(2nditeration).

13.5.2 Step-Finding-Algorithm-optimized

The second Step-Finding-Algorithm was provided by prof. Salapaka
[253] and slightly adapted in MATLAB. Basically, this algorithm was
an implementation of the one developed previously by Kerssemakers
et al. [252], adding some feature here explained.

J(x) parameter

The goodness of the fit was not evaluated by means of a ratio between
χ2 as before, but a new parameter J was defined as

J(xi) =

Nsample∑
i=1

(xi − xstep,i)
2 +W ·

Nsample∑
i=1

δ(xi − xstep,i) (13.2)

where χ2 =
∑Nsample

i=1 (xi − xstep,i)
2 was the χ2 er-

ror, δ(xi − xstep,i) was the Dirac delta function and
W ·

∑Nsample

i=1 δ(xi − xstep,i) was the penalty introduced for hav-
ing a new step. It was equal to have penalty W · Nstep where
W = 9σ2 and Nstep was the number of fitted steps. The minimum
of J correlated with the best step fitting.

Probe Dynamics

The dynamic of the probe was included into the algorithm when the
candidate x̂|J(x̂) = min(J(x)) calculating by a standard optimisation
technique.

Evaluating the GoF - the LLR parameter

For evaluating the Goodness of the Function GoF and distinguishing
between step-like and non-step-like signal, a new parameter had to
be taken into account, the Log-Likelihood-Ratio (LLR) defined as:

LLR =
1

N
[logP(x) − logP(x̃)] (13.3)

where P(x̃) was the probability of step fit x and P(x) was the prob-
ability of smoothed fit x̃. According to [253] a LLR values > 0.08

indicated a stepping behaviour while an LLR < 0.05 indicated a non
reliable fit.
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14
R E S U LT S : C O N D E N S I N D R I V E N M U LT I S T E P D N A
C O M PA C T I O N A N D S T E P S - F I N D I N G S O F T WA R E

14.1 condensin-mediated dna collapse

To measure the real-time compaction of DNA molecules by the S.
cerevisiae condensin holocomplex we used a standard MT setup. We
routinely performed a pre-measurement to determine the end-to-end
extension of the bare DNA. The first step consisted in determining
the zero of each DNA molecule by recording DNA fluctuations in ab-
sence of force (data not shown). Then, the protocol for distinguish
between nicked (N), torsionally constrained (TC) and double DNA
molecules was applied, as extensively explained in Fig. 14.1. Briefly,
single nicked DNA molecules show no change in extension with ro-
tations, but they display a decrease in the end-to-end distance due
to the lower force. Single torsionally constrained DNA molecules do
not display a length decrease at negative turns at high force but do
form plectonemes at low force. Their mechanical response is differ-
ent from that of double tethers, whose extension decreased forming
plectonemes both with positive and negative turns, since the DNA
molecules are entangled.

Then, condensin (30 - 40 nM) and ATP (1mM) were introduced
simultaneously in the sample by flowing at a very slow rate (Q∼20

µl/min). Following a short lag time, which probably reflects the time
employed by the condensin to reach the DNA molecule and/or for
interacting, the end-to-end length of the DNA started to decrease.
In the vast majority of cases, as a consequence of the condensin in-
teractions, we observed that the bead position moved closer to the
surface (Fig.14.2, first line). We thus observe condensin-driven DNA
compaction in real-time at the single-molecule level, in a very similar
protocol as the one described in [254]. Decompaction of the DNA
flow molecule could be observed by increasing the applied force of
by adding high-concentration salt mixture (Fig.14.2, second line).

In this work, three different series of experiments were performed:

• 2µm-long DNA, F= 1 pN, Condensin 40 nM, ATP 1 mM

• 2µm-long DNA, F= 0.5 pN, Condensin 40 nM, ATP 1 mM
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Figure 14.1.: Single nicked (red), single torsionally-constrained (green) and
double (or multiple) DNA tethers (blue) were identified before
each experiment by performing extension versus magnet turns
curves at high and low forces.

• 8.6µm-long DNA, F= 0.75 pN, Condensin 30 nM, ATP 1 mM
(reported in Appendix F)

A complete compaction of DNA molecules was usually obtained
at forces between 2 and 0.5 pN (Fig.14.3). Double and TC molecules
showed a faster end-to-end length decrease with respect to the nicked
DNAs. Data at different forces showed a slower compaction at higher
forces (Fig.14.4) and a minor thermal noise. Many DNA:condensin
compaction traces showed sudden distinct decreases in the DNA end-
to-end length, to which we will refer as steps. Some steps were found
also is the opposite direction, showing a partial height recovery.
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Figure 14.2.: (Line 1) The average DNA end-to-length was recorded at 4pN
and 1pN. With the force at 1pN, condensin (30nM) and ATP
(1mM) were added and the DNA was compacted. After some
time, the force was suddenly increased to 4pN again. DNA
end-to-end length increased, reversing compaction and eventu-
ally recovering the full end-to-end length.
(Line 2) The flow cell was washed with high salt (NaCl 1M),
and the compacted structure was extended again. These traces
were an example taken from several independent experiments
for double (blue), N (red) and TC (green) DNAs. Although
different tethers showed different rates of compaction and de-
compaction, the qualitative behaviours were identical.
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Figure 14.3.: DNA compaction in the presence of condensin 40 nM obtained
by continuously decreasing the applied force. Nicked DNA
molecules (first line, red) were totally compacted only at forces
F < 0.5 pN, while TC and double showed a faster compaction
rate.

Figure 14.4.: Two example of traces of nicked DNA in the presence of 40 nM
condensin, 1 mM ATP obtained at F=1pN (purple) and F=0.5
pN (dark blue).
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14.2 steps-finding software on condensin :dna traces

The analysis of the steps in the DNA extension was particularly crit-
ical, due to the large thermal noise. Prior to apply the two distinct
codes SFA and SFAO to our DNA:condensin data, several controls
experiments had been done (see Appendix E for details).

14.2.1 SFA validation

Briefly, steps of different length were added to a real 2µm DNA trace
by moving the objective. No differences were found at focus positions
closed (±1µm) to the one usually employed in MT experiments. No
differences were noticed also in alternated protocol (one step in one
direction was always followed by another one in the opposite direc-
tion) or random up and down steps. Due to the intrinsic length of the
condensin complex (∼ 50 nm from the hinge to the heads) we focused
on steps ranging from 100 to 30 nm. Briefly, at the forces considered
for in the DNA:condensin compaction the SFA algorithm found steps
whose length was compatible to the one expected within experimen-
tal error at 1 pN (Tab. 14.1), while for a lower force (0.5 pN) the
30-nm-long steps were largely overestimated (Tab. 14.2). All the re-
sults in the Tab. 14.1 and 14.2 were obtained by SFA (gaussian smooth
10, 2-cycles) by grouping all the three different focal positions.

Table 14.1.: Force 1 pN - SFA - Smooth 10, 2-iterations cycle
StepSize Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

100 −79.1± 54.2 77.9± 28.1 11 2072(188)
50 −46.7± 20.7 36.7± 19.8 11 2143(195)
30 −32.9± 13.3 22.4± 12.8 11 2089(190)

Table 14.2.: Force 0.5 pN - SFA - Smooth 10, 2-iterations cycle
StepSize Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

100 −72.2± 41.0 62.7± 39.0 7 1340(191)
50 −61.9± 28.9 50.6± 27.6 9 1474(164)
30 −55.62± 29.8 44.0± 27.4 9 1154(128)

14.2.2 SFA on condensin:DNA traces

In Fig.14.5 three typical examples of DNA compaction at 1 pN with
fitted steps (coloured flat lines are the final steps, dot lines represent
the steps found during the first iteration). We used this hands-off
algorithm to analyse all traces we had collected to determine the size
of the compaction steps.
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Figure 14.5.: Representative curves of condensin-mediate DNA collapse
(F=1pN, 40nM, 2mM ATP) an step-find calculated by means of
SFA (smooth 10, 2-iteration cycle). Double (Blue), Nicked (Red)
and Torsionally Constrained (Green) DNA molecules. Dotted
Black lines are the steps found by the 1-iteration Code.

Figure 14.6.: Step-Size distributions of condensin-mediate DNA collapse
(40nM, 2mM ATP) calculated by means of SFA Code (2-iteration
cycle). Top: F=1pN, binSize=10nm, Bottom: F=0.5pN, bin-
Size=20nm.

Fig.14.6 shows histograms of the distribution for the step size ob-
tained at F=1 pN (top) and F=0.5 pN (bottom) divided for the DNA
different typologies (N, TC and D). These two histograms displayed
two distinct peaks, one of them corresponding to compaction steps
(negative step values) and the other describing the less abundant
spontaneous de-compaction steps (positive step values).

These results were then fitted with a double gaussian function,
founding two different values (one for compaction and one for de-
compaction steps). The traces relative to D, N and TC molecules did
not show any significant difference among them (Tab. 14.5).
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Table 14.3.: Force 1 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

Double DNAs −29.4± 48.14 32.9± 18.5 5 478(96)
Nicked DNAs −65.02± 44.0 46.7± 33.2 4 347(87)

TC DNAs −48.9± 35.1 15.9± 35.0 3 279(93)
All DNAs −44.5± 46.7 33.9± 33.5 12 1091(91)

Table 14.4.: Force 0.5 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

Double DNAs −93.2± 95.0 90.1± 61.5 4 376(94)
Nicked DNAs −40.4± 113 125.9± 44.0 4 370(93)

TC DNAs −160.8± 54.4 124.8± 49.3 1 87(87)
All DNAs −79.6± 112.6 97.0± 79.0 9 833(93)

Table 14.5.: Final step size distributions for DNA condensation in the pres-
ence of 40 nM condensin, 1 mM ATP found by SFA (smooth 10,
2-iterations cycle) software.

14.2.3 SFAO on condensin:DNA traces

We performed the same analysis also by using the SFAO, obtaining
step size closed to the SFA-results (Fig.14.7 and Tab.14.8). We chose
to apply the SFAO software to 10-point gaussian smoothing, without
an indication on the value of the measnoise parameter (indicated here
as SFAO(smooth-10, freenoise)). In Fig.14.11 detailed analysis also for
SFAO(freenoise) on raw data were reported.

Figure 14.7.: Step-Size distributions of Condensin-mediate DNA collapse
(40nM, 2mM ATP) calculated by means of SFAO (smooth-10,
free noise). Top: F=1pN, binSize=10nm, Bottom: F=0.5pN, bin-
Size=20nm
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Table 14.6.: Force 1 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

Double DNAs −35.3± 22.5 21.7± 17.6 5 1146(229)
Nicked DNAs −40.2± 17.9 27.1± 13.8 4 2199(550)

TC DNAs −39.4± 32.3 37.3± 7.2 3 683(228)
All DNAs −39.2± 19.6 26.6± 17.1 12 4028(336)

Table 14.7.: Force 0.5 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

Double DNAs −85.3± 82.2 74.4± 26.9 4 866(217)
Nicked DNAs −43.6± 18.2 32.5± 22.5 4 2090(523)

TC DNAs −104.8± 164.4 122.6± 52.2 1 224(224)
All DNAs −46.7± 22.3 42.4± 54.5 9 3180(353)

Table 14.8.: Final step size distributions for DNA condensation in the pres-
ence of 40 nM condensin, 1 mM ATP found by SFAO (smooth-10,
freenoise) software.

Table 14.9.: Force 1 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

Double DNAs −46.9± 31.3 7.7± 30.7 5 1146(229)
Nicked DNAs −48.8± 22.1 18.3± 25.8 4 2199(550)

TC DNAs −56.2± 30.7 22.9± 29.5 3 683(228)
All DNAs −49.6± 26.9 16.6± 27.9 12 4028(336)

Table 14.10.: Force 0.5 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

Double DNAs −104.4± 76.4 59.9± 31.5 4 866(217)
Nicked DNAs −58.9± 22.0 19.8± 38.0 4 2090(523)

TC DNAs −111.6± 161.5 116.2± 72.2 1 224(224)
All DNAs −59.0± 33.4 20.0± 73.2 9 3180(353)

Table 14.11.: Final step size distributions for DNA condensation in the pres-
ence of 40 nM condensin, 1 mM ATP found by SFAO (freenoise)
software.
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14.2.4 SFA vs SFAO on condensin:DNA traces

The number of steps detected by the SFAO software were sensibly
higher than the ones revealed by the SFA algorithm (∼ 340 for each
trace for SFAO and ∼ 92 for SFA). Despite this high discrepancy in
the number of found steps, for cleaner data at higher force (F = 1pN),
the size of detected steps were compatible within the error in both
the compaction (negative values) and de-compaction (positive values)
directions.

Figure 14.8.: Step-Size distributions of condensin-mediate DNA collapse
(40nM, 2mM ATP) calculated by means of SFAO (smooth 10,
free noise, Light Blue) and SFA (smooth 10, 2-iter cycle , Pur-
ple). F=1pN, binSize=10nm, F=0.5pN, binSize=20nm.

Unfortunately, the same results were not found in data obtained at
0.5 pN, probably due to the high thermal noise.

Table 14.12.: Force 1 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps
SFA −44.5± 46.7 33.9± 33.5 12 1091(91)

SFAO −39.2± 19.6 26.6± 17.1 12 4028(336)

Table 14.13.: Force 0.5 pN
Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps
SFA −79.6± 112.6 97.0± 79.0 9 833(93)

SFAO −46.7± 22.3 42.4± 54.5 9 3180(353)

Table 14.14.: Final step size distributions for DNA condensation in the pres-
ence of 40 nM condensin, 1 mM ATP found by SFA (smooth-10.
2-iteration-cycle) and SFAO (smooth-10, freenoise) software.
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D I S C U S S I O N : C O N D E N S I N M U LT I S T E P
C O M PA C T I O N O F D N A I N A
T E N S I O N - D E P E N D E N T M E C H A N I S M

15.1 steps finding algorithms

In this study, two different steps-finding algorithms were partially
implemented and validated on real DNA traces. We decided to not
introduce simulated false steps in the traces in order to be as close as
possible to real experimental conditions, thus we recreated a stairs-
like signal by physically moving the piezoelectric.

This process was more subject to environmental noise and to prob-
lems during the tracking, both on the DNA beads and on the refer-
ence signal. It was also affected by changes in the focal position and
mechanical-related shifts. For all these reasons, we were quite confi-
dent to not overestimate the goodness of the software and to validate
it with traces which reflected the real conditions of the condensing
DNA molecule. Two different sources of noise in the extension-vs-
time trace could be individuated. Firsts of all, to introduce proteins
and ATP, it was necessary to work in an open flow cell: the outlet was
connected to a syringe pump while the inlet was set free to permit
the injection of new and/or different solution. This configuration was
clearly less stable than a completely insulated system. Moreover, the
noise in the extension traces was strongly affected by both the applied
magnetic force and the length of the DNA molecule (i.e, the longer
was the thread pendulum the more it could fluctuate). While the force
was usually kept constant (at values between 0.3 and 1 pN) both on
SFAs validation tests and on the real DNA traces in the presence of
the condensin, the different extension of the DNA was difficult to be
taken into account.

Indeed, during the condensin mediated DNA compaction, the
molecule was reducing its length, and, simultaneously limiting its
free oscillations, which were translate in a lower noise. This problem
could affect also the identification of the condensation steps by the al-
gorithm. Actually, it enhanced steps in the first part of the trace, when
the standard deviation of the signal is higher. Unfortunately, all the
solutions tested, i.e. segmentation of the trace or a different smooth-
ing of the raw data depending on the extension, were not applicable
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to fast condensation data without affecting also the steps embedded
into the trace. For this reason, we decided to focus on the entire trace
and apply the algorithms on both raw and smoothed data.

As shown in Appendix E, we used 2µm-long DNA molecules to
recreate the exact conditions of the real measurements for all the test
performed. At the maximum force reached by the setup (∼ 5 pN) the
SFA code was able to correctly resolve steps of 100, 50 and 30 nm.
(Tab.E.53 for smoothed-by-10 data and E.52 for the raw signal). Un-
fortunately, the condensin was not able to act on DNA in the presence
of a such high force.

For the forces considered in the Chapter 14 for the condensin data,
the SFA software applied to smooth-by-10 data was able to resolve
steps of 100, 50 and 30 nm (slightly underestimating the 100 nm steps)
at 1 pN, while for the 0.5 pN traces the steps under 50 nm were baldly
overestimated.

We applied also the SFAO routine to the same data, but the final
number of steps found was severely (at least two times) higher than
expected. It was also found that the positive values (corresponding to
de-compaction events) were systematically smaller than their relative
negative values.

For all these reasons, we decided to apply the SFA algorithm on
smoothed DNA:condensin data at 0.5 and 1 pN forces. We decided
also to not include all the data, previously obtained by Dr. Hormeño-
Torres, for the λ/2 DNA because we did not perform the validation
process in a such a long DNA molecule. Data of λ/2 DNA at 0.75 pN
are reported in Appendix F.

15.2 insights in condensin-driven dna compaction

Unravelling the mechanism of SMC which drives the DNA into a
compact and structurally defined final form is still a challenge. In the
last few year a lot of different models were proposed, most of them
speculated from the results obtained by single molecule characterisa-
tion. However, there is not yet an unique model which can explain all
the features presented by the SMC proteins, as well as there is not a
complete agreement regarding the differences of the SMC complexes
among them. Considering the three eukaryotic SMC complexes, con-
densin, cohesin and SMC5/6, it is known that they fulfill different
functions, which may also partially overlap. Recently, the model pro-
posed for the cohesin protein [202] is not totally super imposable to
the ones proposed for the condensin protein [54, 55, 58].

One of the most important requirements for clarify the compaction
mechanisms driven by the SMC complexes is to establish if they
progress by fixed steps, by steps of different extensions or they con-
dense in a continuous process. As specified above, this is particularly
difficult to determine for intrinsically noisy single molecule data.
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In [254] it was pointed out that the SFA algorithm was not able
to resolve steps smaller than 100 nm added to a simulated trace. We
demonstrated that, for an applied magnetic force of 1 pN, our routine
was able to resolve steps up to 30 nm occurring in both directions.

According to our validation processes of SFA, we can claim that the
steps performed by condensin on DNA at 1 pN were ∼ 50 nm while
for lower force (0.5 pN) the results were compatible with ∼ 100 nm
steps. Obviously, we can not completely eliminate the possibility of
smaller steps which were not detected, but we can rule out that, due
to different step sizes found at different forces, the condensin protein
does not act for fixed steps.

Among all the models proposed (and discussed in Section 3.3.5)
we can eliminate the inchworm model [201], which required a fixed
steps of ∼ 50nm for all the forces considered and the sequential walk-
ing model, which requires sensibly smaller steps [200]. All the loop
extrusion model [54], the random cross-linking model [200] and segment
captured model [201] are compatible with our results, as they do not
need steps of fixed height for the condensation process.

We did not find any differences between the three DNA config-
urations studied (nicked, torsionally constrained and double DNA
molecules) neither in the standard MT experiments (Section 14) nor
in the presence of negative or positive rotations (data not shown).

We also found that for DNA molecules of different size (2µm, Chap-
ter14 and 8.6µm, Appendix F) results are not totally super imposable.
Indeed, we found higher steps for the long λ/2 DNA with respect
to the shorter DNA at comparable forces. This probably is due to
a condensation too fast to be totally resolved by both the tracking
procedure and the SFA routine.

15.3 conclusions

The results reported here visualize the interactions of condensin com-
plexes with DNA. We were able to observe the condensation at dif-
ferent forces and with different DNA configurations. Our results re-
veal that the condensin compacts the DNA in a multistep mechanism,
with a height of each step depending on the tension (force) exerted on
the molecule. Importantly, our findings of condensation depending
to the force are inconsistent with previous models that suggest con-
densin condense DNA in constant steps independent of the tension,
like the proposed inchworm model and instead agree with models in
which condensin extrude portions of DNA consistently larger than
the complex itself.
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F L O W S T R E T C H I N G I N S T R U M E N TA L
D E V E L O P M E N T F O R D N A T E T H E R I N G

Single-molecule studies usually take place in flow cells. This ap-
proach is not only necessary for experiments which require a liquid
environment, but is also useful to allow the exchange of reagents
before or during measurements. This is crucial in experiments that
need to be triggered by ligands, ATP, or reactions that require a se-
quential addition of proteins. The achievement of a very rapid buffer
exchange is particularly useful in DNA:protein binding-unbinding
experiments, as the ones reported in [43]. During my stay at the
Moreno-Herrero Lab I was involved in a project consisting in the op-
timisation and validation of new microfluidics chambers for a TIRF-
based flow stretching apparatus for the visualisation of stretched
DNA and its interactions with different proteins. All the measure-
ments reported here have been performed on the MT-TIRF setup de-
scribed in [43, 44, 62] and realized by Dr. Moreno-Herrero and Dr.
Madriarga-Marcos.

I employed simple home-fabricated multistream laminar microflu-
idic cells (from here, flow cells) consisting of two glass coverslips and
a gasket made of paraffin wax (parafilm) in the middle, analogous to
the flow cells used for standard MT experiments (Section13.2). The
volume and the shape of each flow cell could be easily controlled
by modifying the two dimensions of the channel (both height and
width).

In a typical Flow Stretch (F-S) experiment, the reagents were intro-
duced using a system of syringe pumps. In such a system, a fast and
controlled exchange of reagents was not possible without working
under very high flow rates, which disturb both the biological sample
and the instrumental setup itself, impeding performing sophisticated
experiments due to the intrinsic instability of the system. On the
other hands, lower flow rates, employed to not perturb the system,
usually lead to the generation of a reagent gradient in the flow cell.
For very precise measurements it is thus desirable to have a very fast
exchange between solutions with minimal diffusion.

The MT-TIRF flow stretching apparatus can be essentially em-
ployed in two different modalities: (1) to apply a stretched force to a
DNA molecule anchored to a surface and imaged via a fluorescence
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illumination or (2) to achieve a rapid exchange of buffer, i.e. changing
ligands, buffer or proteins, during a standard MT experiment. These
two requirements, which are partially in conflict, can be obtained by
improving the design of the flow cells, in order to permit a fast buffer
exchange even in the presence of slow flow rate.

We proposed an implementation of the standard flow cells (consist-
ing of two inlets and one outlet) reducing the width of the central
channel from 7 to 1 mm. In this scenario, because of the nature
of laminar flow, a fast exchange was achieved while diffusion was
minimized. Reagents were introduced by two computer-controlled
syringe pumps. Our two-inlet flow cells were home-designed and
fabricated, and their performance had been characterized by MT and
TIRF experiments.

In the first characterisation experiment, the buffer exchange in dif-
ferent channels designs was evaluated by recording the fluorescence
near the surface. We took advantage of TIRF illumination to charac-
terize the boundary switching between 1 mM Fluorescein and buffer
in several flow cells with different cross-sections (Section 18.1).

In the second chapter, a simple fluorescent DNA-stretching exper-
iment was performed in the narrower flow cell: Sitox green labelled
DNA was visualised under TIRF illumination at different flow rates
and the DNA:Sitox binding was evaluated (Section 18.2).

Finally, in the last part (Section 18.3), we calibrated the force
applied to a DNA molecule by the external flow, using a force-
calibration protocol very similar to the one presented in [44]. Briefly,
DNA molecules, with 1 µm standard bead attached to one end like a
traditional MT sample, were extended by the external flow.

By taking advantage of the MT-related-CCD camera, we recorded
the position of the DNA-coupled beads under different flow rates,
correlating both the DNA extension and the force with the applied
flow rate.
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17
M AT E R I A L S A N D M E T H O D S : F L O W S T R E T C H I N G

17.1 combined flow stretching-tirf apparatus

Experiments were performed in a F-S - MT-TIRF setup similar to one
described in [43, 44]. In brief, 488 nm laser source (Vortran Stradus)
was focused on the back focal plane of a high numerical aperture
objective (Olympus UAPON TIRF 100x). Two separate detectors were
employed to visualise the emission of the fluorophores, an EM-CCD
temperature-controlled camera (Andor Ixon Ultra 897/Andor Ixon
Ultra 888) and a CCD or CMOS camera (Pulnix 6710 CL/Mikrotron
MC1362) for bright-field video microscopy. This latter camera was
controlled by a custom-written code [255] while fluorescence camera
was controlled by Andor Solis software.

17.2 flow cells

In this work, the flow cells had a typical two-inlet and one-outlet
configuration, with different channel width and height. In all the
cases considered, glass coverslips (Menzel-Gläser, #1) were cleaned
by 30 min of sonication in acetone followed by 30 min in isopropanol,
and dried using compressed air. The top cover glass contained three
holes drilled with a laser engraver, as well as two-inlet paraffin wax
(Parafilm M, Bernis USA) gaskets (VLS2.30, Universal Laser Systems).
The two cover glass slides and a (single or double layer) gasket were
sandwiched and heated up for a few seconds at 120oC to assem-
ble the flow cell, refrigerated and stored at room temperature. For
DNA thetering experiments, the clean surface was coated with 1%
polystyrene dissolved in toluene, before the flow cell assembly. The
DNA-tethered cells were then incubated with an Antidigoxigenin (25

ng/µl) solution (Roche) overnight at 4oC and were passivizated for
at least 2 h using BSA (NEB). The cells were stored in a humid and
sealed container at 4oC until further use. For fluorescein character-
isation, three different parafilm gaskets were used (with the central
channel 1, 1.5 or 2 mm width) and one or two parafilm layers were
employed to achieve an height of ∼ 100µm (1 layer) or ∼ 200µm (2
layers). For both DNA-tethering measurements and force calibration
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(Section18.2 and18.3), the narrower flow cells (1 layer - 1 mm width)
were employed.

17.3 λ dna

λmolecules were fabricated as described elsewhere [44] by Dr. Aicart-
Ramos. Briefly, CosR-tail and CosL-tail oligonucleotides were biotin
tailed using Terminal Transferase (NEB) and BIO-dUTP (Roche). The
modified oligonucleotides were purified using a Qiaquick nucleotide
removal kit (Qiagen). N6-Mehtyladenine-free λ DNA (NEB) was
cleaved with XbaI, giving two ∼24 kbp fragments.

17.4 fluorescein multichannel laminar-flow experi-
ments for rapid buffer exchange

To have a clear focus on the surface, a very diluited sample of para-
magnetic beads 1µm were flowed inside the flow channel before the
measurements in MilliQ water. The speciment was abundantly clean
with water before to perform the TIRF fluorescent measurements. Flu-
orescein (Sigma Aldrich) was dissolved in Hepes 50 mM, pH 8 at the
final concentration of 1 mM. To achieve the boundary exchange mea-
surements the fluorescein reservoir was intermittently switched with
the buffer alone by using two automatised syringe pumps. Syringes
were controlled with the neMESYS UserInterface software. Briefly,
a square-wave pattern was set for syringes to alternate flow-rates,
keeping a constant flow-rate in the central channel (Q from 7 to 200

µl/min). Fluorescence images were acquired using Andor Solis soft-
ware, at a frequency of 10 Hz for a tot 500 frame for each tested flow
rate. All the measurement were carried out in the central channel
of the flow cells, approximately at 1-2 mm from the two-inlets inter-
section. Data analysis was performed using Andor Solis software,
ImageJ and Origin. For each flow rate, at least 5 regions of interest
(ROI) of ∼ 50x50 pixels were selected in an homogeneous area and
their fluorescence emission analyzed in Origin software.

17.5 dna-tethering multichannel laminar-flow experi-
ments

Tethers of λ DNA were obtained by flowing DNA molecule in stan-
dard buffer (50 mM Tris pH 7.5, 100 mM KCl, 2.5 mM MgCl

2
, 1

mM DTT and 0.1 mg/ml BSA). After biotin-streptavidin bound were
formed, unbound DNA molecule were extensively washed away. To
visualized DNA molecules under the TIRF illumination, the inter-
calant Sytox green was used. DNA molecules were stained with 100

nM Sytox Green in standard buffer supplemented with 1 mM Trolox,
20 mM glucose, 8 µg/ml glucose oxidase and 20 µg/ml catalase to
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avoid the early photobleaching. Fluorescence images were acquired
using Andor Solis software, at a frequency of 9.52 Hz, using the EM
level of 100 and cooling the sensor to -60oC. At least 4000 frames
were recorded. Syringes were controlled with the neMESYS UserIn-
terface software. Briefly, a square-wave pattern was set for syringes
to alternate flow-rates, keeping the flow-rate in the central channel
constant (Q to 10-200 µl/min). Data analysis was performed using
Andor Solis and Origin as described in [62]. For each DNA molecule
of interest, a main region of interest (ROI) was selected around the
DNA molecule (additional ROIs around the main ROI were also se-
lected for background correction). Fluorescence intensities were then
analyzed in Origin software.

17.6 flow stretch force calibration

Tethers of λ/2 DNA molecules (see Sec. 13.1) were obtained by mix-
ing DNA with 1 µm size magnetic beads (Dynabeads, MyOne strep-
tavidin, Invitrogen) in a buffer containing 10 mM PB (pH 7), 10 mM
NaN

3
, 0.2 mg/ml BSA, and 0.1% Tween 20. Sample was then injected

in an anti-digoxigenin functionalised 1 layer-1 mm channel-width
flow cell and incubated for 10-15 min before applying the external
flow. In the preliminary step each DNA molecule was individually
calibrated using the standard MT force calibration protocol. Then,
the magnets were removed and the flow was initialised by using the
two in-parallel-working automatised syringe pumps filled with the
same standard buffer. Briefly, a step-like profile with increasing flow
rates (from 2 to 150 ml/min, 5 s for each step) was initialised in the
neMESYS software. The 3D position of each bead was recorded and
then converted into DNA extension and force.
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18
R E S U LT S : FA S T B U F F E R E X C H A N G E , D N A
S T R E T C H I N G A N D F O R C E E S T I M AT I O N

18.1 fluorescein experiments : boundary exchange

18.1.1 Boundary exchange at different cross section channels

In single molecule studies, it is crucial to be able to switch different
biochemical reagents, keeping the flow velocity low enough so that
the cells and molecules remain attached and, at the same time, achiev-
ing the buffer exchange as fast as possible [59]. The shape of the flow
cell, i.e. its cross section, is one the main feature which is involved in
the boundary switch and could be implemented in a straightforward
way, following the same protocol currently in use in Moreno-Herrero
lab.

We constructed 5 flow cells, whose channel presented different
heights and widths (Fig.18.1), using a 2-inlets-1-outlet design.

Figure 18.1.: (Left) Different designs for two channel microfluidic cells: 2

mm-wide (top) and 1 mm-wide (bottom) channels.
(Right) Picture of a 1 mm-wide flow cell mounted on the F-S
stage for buffer:fluorescein experiments.

Taking advantage of simulations described in [59], we focused all
the measurements in the proximity of the inlet (∼ 1-2 mm) to achieve
the fastest boundary switch. We used a square wave to alternating
the injection of the two buffer with a switching time of tswitch = 10

and different flow rates, ranging from 7 µl ·min−1 to 20 µl ·min−1.
Final flow rates were built as indicated in Tab.18.1.
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Figure 18.2.: Boundary Exchange of Fluorescein at different flow rates for
five flow cells designs. From Top-Left: 1 mm wide - 1 layer, 2

mm wide - 1 layer, 1 mm wide - 2 layer, 1.5 mm wide - 2 layer
and 2 mm wide - 2 layer flow cells.
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Final Q Maximum Q (Qmax) Minimum Q (Qmin)
(µl ·min−1 ) (µl ·min−1 ) (µl ·min−1 )

200 190 10

100 90 10

501 40 10

502 45 5

40 35 5

30 25 5

201 15 5

202 17 3

15 12 3

10 7 3

7 5 2

Table 18.1.: Final flow rates Q obtained as the sum of the two Qmax and
Qmin. For the Q = 50µl ·min−1 and Q = 20µl ·min−1 two
different compositions have been tested, usually showing very
similar results. For flow cells with high cross section the buffer
exchange was non achieved for the lower Q values.

To characterize the quality of switching between fluids [59], we
defined the fall time tswitch as the time to go from 90% intensity to
10% intensity (Fig.18.3) [59, 44].

Figure 18.3.: Switch time tswitch calculated for different flow cells versus
the total flow rate Q. Dashed lines represent the individual fit
with an exponential decay function (Eq.18.1.1).
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tSwitch(Q) = A · e
Q
t1 + t0 (18.1)

The fitting parameter t1 was linearly dependent to the channel
cross section (Fig.18.4 and Tab.18.2)

Figure 18.4.: The t1 fit parameter as a function of normalized cross section
A, where A is the cross section of the 1 mm - 1 layer flow cell
channel (A = 1 · 10−3[m]· 1 · 10−4[m]) = 10−7m2. Linear fit
slope is 16.7 ± 0.8.

Flow Cell Cross section (ϑ2) Fitted parameter (t1)
(µm2) (min ·µl−1)

1mm - 1 layer A 21.76

2mm - 1 layer 2A 34.22

1mm - 2 layer 2A 35.08

1.5mm - 2 layer 3A 53.57

2mm - 2 layer 4A 70.78

Table 18.2.: The t1 fit parameter as a function of normalized cross section A.
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18.1.2 Taylor-Aris model

We fitted our fluorescence vs time signals to the Taylor-Aris model
for a rectangular channel as described in [59, 60, 61] (for details see
Sec.1.5.2):

c(t) = c0
1

2

(
1+ Erf

[
y− vt

2
√
tk

])
(18.2)

where c0 is the concentration of fluorophores, v is the average lin-
ear velocity, k is the effective diffusion coefficient and y the distance
from the junction. v and k should change with flow rates and between
different cross sections while y should remain unchanged among the
same flow cell.

Our flow cell designs fulfilled the requirements for the Taylor-Aris
approximations (the following calculations were performed for our
wider flow cell (2 mm wide - 2 layers)):

y0 =
a2ν0
288D

where y0 is the minimum distance from the entrance of the inter-
face, v0 = 160µm/s is the velocity of the fluid, and a = 200µ the
height of the channel and D = 4.90 · 10−10m2/s. The Taylor-Aris is
valid at distances y > y0 from the two-inlet junction (in our setup
y0 = 0.004mm and y =∼ 2mm).

Results for Taylor-Aris fitted data are reported in Tab.18.3 as the
average of independent fits (one signal for each flow rate Q).

Flow Cells Cross section y0 D a
(µm2) (m) (m2/s) (m)

1 mm - 1 layer A 8.71 · 10−4 2.08 · 10−9 5.81 · 10−5

2 mm - 1 layer 2A 2.01 · 10−3 1.46 · 10−10 1.33 · 10−4

1 mm - 2 layer 2A 6.30 · 10−4 1.54 · 10−9 1.28 · 10−4

1.5 mm - 2 layer 3A 1.85 · 10−3 5.13 · 10−10 1.02 · 10−5

2 mm - 2 layer 4A 1.2 · 10−3 3.18 · 10−9 4.28 · 10−4

Theoretical 1 · 10−3 4.9 · 10−10
1 - 2 ·10−4

Table 18.3.: Independent Taylor-Aris fit for the five considered flow cells. 4

free parameters: y0 (distance from inlet), v (fluid speed - not
reported), a (channel height), D (diffusion constant). Data dis-
played here were the average of independent fits.

Global and independent fits of two representative flow cells are
reported in Appendix G.

181



18.2 sytox :dna experiments : dna stretched by f-s

After having characterized different flow cell design, we employed
the narrower one (1 mm wide - 1 layer) to characterize the behaviour
of DNA under the influence of an external flow.

To visualize the DNA under TIRF illumination we took advantage
of an intercalant, the Sytox green, which had been widely employed
in DNA-fluorescence essays [52, 53, 54, 57].

The family of Sytox nucleic acid staining dyes had been commonly
used as dead-cells markers, but recently, it is largely employed in
single-molecule experiments. Sytox dyes exhibit a large (>1000-fold)
fluorescence enhancement upon DNA binding [52]. Moreover, ac-
cording to [52], the Sytox intercalant binds DNA rapidly and with
high affinity, has a good signal-to-noise ratio even at low concentra-
tions (in this work the Sytox was employed at 100 nM), exhibits a low
photobleaching rate and induces lower light-induced DNA degrada-
tion.

Different flow rates were applyed to our sample, from 200 to 10

µl ·min−1 (Fig. 18.5, 18.6, 18.7 and 18.8).
At the lowest flow rate (Q =10 µl ·min−1) the buffer exchange was

slower than the periodic switching (10 s), maintaining the fluores-
cence intensity constant along the time (see kymograph in Fig.18.8).

Figure 18.5.: (Top Left) Example of a fluorescence image of Sytox green
stained DNA under TIRF illumination. DNA molecules were
horizontally stretched on the surface due to the presence of an
external flow of 200 µl ·min−1. (Bottom Left) Representative
DNA fluorescence kymograph of a stretched DNA molecule
during five different Sytox cycles. (Right) Normalized fluores-
cence intensity on three different DNA molecules.
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Figure 18.6.: (Top Left) Example of a fluorescence image of Sytox green
stained DNA under TIRF illumination. DNA molecules were
horizontally stretched on the surface due to the presence of an
external flow of 100 µl ·min−1. (Bottom Left) Representative
DNA fluorescence kymograph of a stretched DNA molecule
during five different Sytox cycles. (Right) Normalized fluores-
cence intensity on three different DNA molecules.

Figure 18.7.: (Top Left) Example of a fluorescence image of Sytox green
stained DNA under TIRF illumination. DNA molecules were
horizontally stretched on the surface due to the presence of an
external flow of 50 µl ·min−1. (Bottom Left) Representative
DNA fluorescence kymograph of a stretched DNA molecule
during five different Sytox cycles. (Right) Normalized fluores-
cence intensity on three different DNA molecules.

Moreover, it could be noted that the DNA molecules were totally
extended also in the presence of the lower flow rate, as qualitatively
shown in Fig.18.9.
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Figure 18.8.: (Top Left) Example of a fluorescence image of Sytox green
stained DNA under TIRF illumination. DNA molecules were
horizontally stretched on the surface due to the presence of an
external flow of 10 µl ·min−1. (Bottom Left) Representative
DNA fluorescence kymograph of a stretched DNA molecule
during five different Sytox cycles. (Right) Normalized fluores-
cence intensity on three different DNA molecules. The flow
rate was not enough to achieve a switched between Sytox and
buffer solution.

Figure 18.9.: Representative DNA molecules stretched at different flow rates.
Qualitatively there is snot any difference between the lengths
of the DNA molecules.
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18.2.1 Evaulation of Sytox binding to DNA

We recorded the fluorescence of several DNA molecules at different
flow rates to characterize the Sytox binding to DNA. Due to the low
fluorescence of Sytox when is free in solution, the fluorescence inten-
sity of the background was constant during the entire experiments
(data not shown).

We fitted our data with the Taylor-Aris model (Fig.18.10 and
Tab.18.4). The fit was quite good even if the final signal was a results
of both Sytox binding and dye diffusion. Additionally, our measure-
ments included effects from photobleaching which were difficult to
account for.

Figure 18.10.: Taylor-Aris fit on normalized fluorescence intensity at three
different flow rates Q. Data shown (symbols) were averaged
on 5 points. For all the flow rates considered the fluorescence
saturation was reached in less than 2 s. Extracted parameters
are reported in Tab.18.4.

The fluorescence intensity along the DNA molecule increased in
the presence of Sytox and decreased when buffer alone was fluxed.
Moreover, the dynamics of the system DNA:Sytox could be easily
solved assuming that the concentration of Sytox remained constant
during the injection phase. This was a reasonable assumption, there
was an excess of dye compared with DNA and our measurements
were significantly longer than the boundary shifting time. Then, the
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Flow rate (Q) v y0 D a
(µl ·min−1) (m/s) (m) (m2/s) (m)

200 1.38 · 10−4 1.41 · 10−3 1.77 · 10−10 1.77 · 10−5

100 1.21 · 10−4 1.82 · 10−3 3.42 · 10−10 4.12 · 10−5

50 1.31 · 10−5 1.49 · 10−3 3.78 · 10−10 1.05 · 10−5

Table 18.4.: Independent Taylor-Aris fit for the three considered flow rates
(Q = 200, 100 and 50 µl ·min−1) . 4 free parameters: y0 (distance
from inlet), v (fluid speed), a (channel height), D (diffusion con-
stant).

final expression for the fluorescence signal of a dye binding to DNA
[43, 62] could be expressed as:

F(t) = Fmax(1− e
−kobst) (18.3)

where F(t) stated for the fluorescence signal and the kobs was the
observed binding rate (obtained kobs were reported in Fig.18.11).

Figure 18.11.: Normalized fluorescence intensity at three different flow rates
Q fitted to Eq.18.2.1 (dot-dashed lines). The observed con-
stant kobs of association of Sytox to DNA molecule are
kobs(Q = 200) = 0.9± 0.2s−1,kobs(Q = 100) = 0.8± 0.2s−1

and kobs(Q = 50) = 0.7± 0.2s−1
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18.3 f-s force estimation

In a flow stretch experiment, each DNA molecule was elongated close
to the surface by the external force, generating by the applied flow.
To characterize the force of the flow as a function of its flow rate, we
took advantage of a bead attached to one end of the DNA. In this
way, we could precisely measure the extension of the tether by track-
ing the bead with both the standard MT CCD camera and software
(Fig.18.12).

Figure 18.12.: The DNA molecule was stretched when a flow was applied.
The extension and associated forces could be measured using
MT CCD camera for tracking the bead position. Figure modi-
fied from [62]

Experiments were performed with 1µm beads and λ/2 DNA
molecules in a 1 mm - 1 layer flow cell using both the syringes of
the NeMESYS system in parallel to achieve a final flow rate Q ( Q=5

- 50 µl ·min−1). As clearly shown in Fig.18.13, the vertical DNA ex-
tension was drastically affected by the application of flow, even with
a very low flow rate (at Q = 10 µl ·min−1 the vertical extension of
DNA was roughly half of the molecule length in the absence of flow).

Extension versus flow data could be correlated with the applied
force using previously-taken force-extension curve performed with
the vertical MT setup as described in [44, 62].

Briefly, considering a laminar flow, the bead was affected by a drag
force given by Stokes’ law:

F = 6πRηvflow (18.4)

where R is the radius bead, η the flow viscosity and vflow could be
estimated as vflow = kvmax = 2·Q

w·dk where Q is the flow rate, k is
the ratio of fluid velocity to be taken in account an depends to the
distance from the middle of the channel and d and w correspond to
the channel height and width, respectively.

The viscosity η, should be corrected because the radius of the bead
was comparable to the distance of the bead to the surface [44]. At
z ∼ 1µm and R = 1µm the corrected viscosity was η∗ = 1.6η.
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Figure 18.13.: Vertical DNA extension versus the function of the applied
flow rate in narrow flow cell.

It was possible then to estimate the linear velocity of the flow in
the proximity of the bead, by fitting Eq.18.5 and 18.6 to extension
and force data as a function of the applied Q (Fig.18.14 and 18.15):

l(Q) = L

(
1−

1

2

√
kBT

P · 6πRη∗ 2·Qw·d

)
(18.5)

F(Q) = 6πRη∗
2 ·Q
w · d

k (18.6)

For our experiment, kBT = 4.11pN · nm, P = 40nm, R = 1µm,
η∗ = 1.6mPa · s, w = 1mm and d = 100µm.

By fitting Eq.18.5 to the extension data (Fig.18.14) we obtained a
length of λ/2 DNA L = 8.4± 0.1µm and a k of k = 1.7± 0.2%, with a
final velocity in the proximity of the surface for the bead of vflow =

1.7%vmax.
Then, we fitted the force versus flow rate data (Fig.18.15) with

Eq.18.6, obtaining a value of k = 1.8 ± 0.2%, with a final velocity
in the proximity of the surface for the bead of vflow = 1.8%vmax,
very close to the one obtained for extension versus flow rate data.
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Figure 18.14.: Mean DNA extension measured as a function of flow rate in
a flow stretch experiment using 1 µm beads and λ/2 DNA
molecules. The solid line is the fit to Eq.18.5 with P = 40 nm
as a fixed parameter, obtaining L = 8.4 µm. Error bars were
the standard deviation of the mean from measurements of 9

beads.

Figure 18.15.: Mean force measured as a function of flow rate. The force
was determined from a calibration force-extension curve ob-
tained from the vertical MT in the absence of flow. The force
increases linearly up to a maximum value of ∼ 4.5 pN, in ac-
cordance with Eq.18.6. Error bars were the standard deviation
of the mean from measurements of 9 beads.
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19
D I S C U S S I O N : S I M P L E A N D R O B U S T F L O W
S T R E T C H I N G A P PA R AT U S F O R S I N G L E
M O L E C U L E F L U O R E S C E N C E E X P E R I M E N T S

The implementation of narrower flow cells for flow stretching mea-
surements allowed a rapid exchange of buffer without affecting the
behaviour of the stretched molecules. The fabrication of the flow cells
did not require any special attention and, contrary to what happened
in the old design [62], the introduction of bubbles could have been
avoided with a careful injection of the sample. Moreover, these flow
cells were extremely versatile and could be employed in both lateral
and vertical MT experiments as well as in TIRF-based essays.

The switch time ts between two different solutions was lowered to
less than 2 s in a remarkable range of applied flow rates (with less
than 1 s for Q > 100 µl ·min−1). For the old design the ts was ap-
proximately of 4 s at Q = 200 µl ·min−1 [43]: the boundary exchange
of the new flow cells was at least 4 times faster than the old ones.

The Sytox-labelled DNA results reported in Section18.2 represent
a good preliminary test for more sophisticated designs of DNA
stretched experiments. The same experimental setup (two inlets -
one outlet) could be easily employed for testing DNA:protein bind-
ing, both in the presence of fluorescently-labelled proteins and inter-
calating dyes, or to visualize DNA superstructure as supercoiling [53].
The next step could be the labelling of proteins with QDs to obtain
a co-localized two channel fluorescent image of, for example, protein
and Sytox-stained DNA.

On the other hands, these preliminary results could be employed to
construct a multi-channel flow cell, as, for example, the one employed
in [54], with three inlets and one outlet. By using such an approach,
the flow could be applied transversely to a DNA molecule anchored
to the surface by both the ends. This is an essential test in the frame of
proteins interacting with DNA, like condensin and SMC complexes.

Finally, by monitoring single DNA extension and using individual
force extension curves, we were able to estimate the forces exerted
on a bead in flow-stretch experiments. We showed that measured
forces were sensibly higher than the one previously reported with
the old flow cell design [44, 62] going from less than 1.5 pN to 4.5 pN.
However, the calculated forces were still more dispersive than those
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obtained in both vertical and lateral MT, probably due to the presence
of a not perfect laminar flow in the vicinity of the surface.

Our custom-designed flow cells are very cheap, as they use con-
sumables usually employed in laboratory. The surface is made by a
glass coverslip, which can be differently washed with chemicals and
functionalised in several ways. With respect to other flow cells de-
signs, such as the PDMS microfluidic device described in [59], our
approach is faster and do not require any dedicated or specific instru-
ment. On the other hands, the use of paraffin wax gasket limit the
minimum size of the cross-section of the channel up to ∼ 1 mm, lim-
iting also the applied flow rate. Furthermore, with respect to similar
works performed by Dekker and colleagues [53, 54, 255], which used
biotinylated-PEG, we employed the standard polystyrene - antidigox-
igenin - BSA functionalisation, obtaining good results both in terms
of signal-to-noise ratio during DNA-based experiments and, simul-
taneously, preventing the attachment of DNA to coverslip’s surface.
This latter functionalisation is particularly suitable in protein:DNA
experiments. Indeed, a large number of the proteins employed in
single molecule assays present a Streptavidin-Tag useful both for the
proteins purification and for latter QDot-labelling. Avoiding free bi-
otin sites in the surface is particularly crucial for certainly distinguish
between protein:surface and protein:DNA interactions.

19.1 conclusion

In conclusion, we demonstrated the crucial role of both the shape and
dimension of flow cells for single molecule experiments and we pro-
posed a new flow cell design which allowed, in the proximity of the
inlet, to achieve a fast boundary exchange and, if necessary, to apply
an external force comparable to the typical range of MT-based se-
tups. This method was very easy to implement and it was extremely
cheaper than commercially available products, as well as home-made
PDMS microfluidic devices employed in other studies [59]. The reduc-
tion of the volume was also essential to limit the quantity of solutions,
ligands and sample necessary to perform the experiment. Moreover,
this flow cell could be completely customizable: the glass surface
could be cleaned and functionalized in several different ways (coated
with antibodies, PEG or silane, evaporated with gold or other met-
als). Furthermore, by spanning among all the flow cells employed,
it was possible to finely chose the design which better achieved the
requirements of the single experiment. For example, MT experiments
requiring a fast buffer exchange and low perturbation could take ad-
vantage of wider flow cell, while experiment with a very expensive
(or difficult to obtain) specimen would prefer the use of a flow cell
with a volume as small as possible.
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Part VI

S U M M A RY





C O N C L U S I O N S

In the present Thesis, I employed single molecule force spectroscopy
(SMFS) for studying biological macromolecules in 4 different main
projects. In particular, I studied the (1) conformational changes of
the α-synuclein (AS) protein in the presence of ligands or point mu-
tations, (2) the nanomechanical behaviour of a DNA analogue, (3)
the condensation of DNA mediated by the condensin protein and (4)
a technical implementation on Flow-Stretching (F-S-TIRF) setup to
achieve high speed buffer exchange.

The conclusions for these projects are briefly summarized below.

1. I have directly monitored the conformational changes of the AS
protein in solution by SMFS, focusing on their changes in the
presence of ligands (DA and EGCG) and of point mutations.
The SMFS description of AS conformational ensemble in solu-
tion detected differently structured components, in agreement
with the different degrees of compactness suggested by native
mass spectrometry. I also discussed the presence of a secondary
structure by using CD and FTIR techniques. Our results might
provide valuable constraints for computational simulations of
intrinsically disordered proteins (IDPs) conformational ensem-
bles in the presence or absence of ligands and new insight into
the Parkinson’s Disease (PD) development linked to gene muta-
tions.

2. I have shown, through AFM imaging, MT-based mechanical
characterization, and CD spectroscopy, that DAP-substitution
induces DNA molecules to adopt a non-canonical form when in
relaxed configuration and it resists to flexural bending at low-to-
moderate tension (<10 pN), yet it also decreases the overstretch-
ing threshold from roughly 60 pN to 52 pN. From an energetic
point of view, the DAP extra amino group penalizes entropic
bends but, it also raises the conformational free energy of the B-
form helix, facilitating axial extension and initiating the B-to-S
transition at a lower tension.

3. I have directly visualized the interactions of condensin com-
plexes with DNA, at different forces and with different DNA
configurations. I have implemented two algorithms to individ-
uate steps in single molecule traces. Our results have revealed
that the condensin compacts the DNA in a multistep mecha-
nism, with a step size depending on the tension exerted on the
molecule.
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4. I have achieved a multistream laminar flow by the implementa-
tion of a new flow cell design which allowed to achieve a fast
boundary exchange in the proximity of the inlet. I tested this
flow cell in terms of both buffer exchange, with a resolution
0.5 s that minimized diffusion, and force, reaching a maximum
value of 4.5 pN. I have employed the setup also for the stretch-
ing of fluorescently-labelled DNA molecules.

general perspective

The SMFS, often coupled with other techniques, i.e. fluorescence, na-
tive MS and biophysical standard methods, certainly improves the
knowledge of several different biological processes. The SMFS ap-
proach permits a very precise control of the applied forces, as well as
it provides unique features, such as the possibility of impose a torque
for MT or the great versatility in both imaging and force for the AFM
apparatus. The combination of a an high sensitive force spectroscopy
methods with fluorescence would therefore have a striking impact in
the single-molecule technology.

Additionally, great interest is raising in both the fields of IDP char-
acterisations and SMC mediated DNA compaction mechanism. Re-
cent studies have proposed that the unstructured form of the IDPs
may be the final point of evolutionary process. For this reason, it
would be very interesting to provide new information on the plastic-
ity conformations of this family of proteins as well as to fully depict
their role in the insurgence of several diseases. On the other side, it
would be interesting to fully understand the role of SMC. These ques-
tions have been addressed by both in vivo and in vitro experiments,
but the detailed mechanics remain elusive. A complete reconstitution
of DNA compaction by SMC complexes at the single molecule level
is required to fully decipher the genome organization in bacteria.
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A
A F M - B A S E D S I N G L E M O L E C U L E I M A G I N G A N D
C O L L A G E N C H A R A C T E R I Z AT I O N

During my PhD program I had the opportunity to collaborate with
different and quite interdisciplinary groups. In this chapter I will
present some examples of these AFM imaging side-projects, which
have been published (Section A.1.1 and A.3,[3, 4]) or are into the
review process (Section A.1.2, A.2).

a.1 β-amyloid protein

Alzheimer’s disease (AD) is the most common type of dementia and
affects tens of millions of over-6-aged people worldwide. One of the
most proposed hypothesis, the amyloid hypothesis [256, 257] proposes
that β-amyloid peptide (Aβ), the main component of senile plaques,
is the key player in AD pathogenesis. Aβ monomers, derived from
the proteolytic cleavage of the larger glycoprotein amyloid precursor
protein, if not efficiently cleared from the brain can aggregate into
different assemblies, which can then form regular fibrils and plaques
that are involved in the insurgence of the disease. The aggregative
behavior of Aβ peptide has been extensively analyzed since many
years. In the next sections the effects on the Aβ aggregation of hu-
man lipoproteins (Sec A.1.1) or the synthetic oligopeptide mApoE
absorbed on gold nanoparticles (Sec A.1.2) has been studied both by
AFM-based imaging and fluorescence essay. An in vitro approach for
monitoring aggregation/disaggregation of the Aβ peptide has been
used as briefly described in the following paragraph. For more details
see [4].

Preparation of Aβ samples and AFM imaging

In order to obtain monomer-enriched Aβ1−42 preparations, the
Aβ1−42 peptide (1 mg/ml) was solubilized in 1,1,3,3,3-hexafluoro-
2-propanol (HFIP; Sigma–Aldrich) dried and then resuspended in
DMSO at a concentration of 5 mM and bath sonicated for 10 min.

To follow the Aβ1−42 aggregation, the 5 mM Aβ1−42 sample in
DMSO was divided in aliquots immediately after sonication. Each
Aβ1−42 aliquot was diluted to a final concentration of 100 µM in 10
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mM HCl aqueous solution and was incubated at 37
oC. If requested,

the sample was incubated in the presence of mApoE NPs. At selected
incubation times 1 µl of each aliquot was withdrawn from the sample
and characterized by AFM.

To follow the Aβ1−42 disaggregation, the started sample was a
fibril-enriched preparation: immediately after sonication the 5mM
Aβ sample in DMSO was diluted to 220 µM in 10 mM HCl and incu-
bated at 37

oC for 72 h. Aβ1−42 fibrils preformed in vitro were diluted
to 100 µM and incubated in the presence of either mApoE coated NPs
or lipoproteins at 37

oC in NaCl 10mM (pH 7). After different times
of incubation 1 µL of each sample aliquot was characterized by AFM.

For AFM imaging 1 µL of each sample aliquot was diluted 1:10 in
HCl 10 mM and incubated for 5 min on a freshly cleaved mica sub-
strate. After incubation, samples were rinsed with Milli-Q water and
dried in a gentle stream of nitrogen. Measurements were performed
using a Nanowizard II (JPK Instruments, Berlin) scanning probe mi-
croscope operating in tapping mode in air (Section 1.2.1). RTESP-300

(Bruker, USA) cantilevers were used with a nominal force constant
of 40 N/m, a resonance frequency of 300 kHz, and a nominal tip ra-
dius of 8 nm. The AFM images were analyzed using the commercial
JPK image processing software and a customized image-analysis soft-
ware (Matlab, MathWorks Inc). All data in this study were verified
by sampling a wide range of areas over the samples surfaces.

a.1.1 β-amyloid protein interaction with LipoProteins

In AD progression, most evidence suggests a protective role of high-
density lipoprotein (HDL) and its major apolipoprotein apoA-I. The
28 kDa Apolipoprotein A-I (apoA-I) is known to be involved in the
generation and metabolism of HDL [258]: the protein is synthesized
and lipidated with cholesterol and phospholipids to create different
subclasses of plasma HDL particles, including discoidal ones. Subse-
quently, a second lipidation step is required for maturation of nascent
HDL into mature spherical lipid-rich HDL [259]. Therefore, in hu-
mans, HDL consist of heterogeneous subclasses, characterized accord-
ing to charge, size, density, protein, and/or lipid composition. HDL
are involved in removing excess cholesterol or other protective effects,
including anti-oxidative, anti-inflammatory, anti-apoptotic, and anti-
infective actions [260]. Dysregulated HDL metabolism has also been
linked to brain disorders: a decrease in plasma levels of HDL and/or
apoA-I are risk factors for memory decline and neurodegenerative
diseases, including AD [261]. In this study, the ability of apoA-I in
different lipidation states affect Aβ efflux across the BBB or the Aβ
fibrils disaggregation has been assessed.
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Characterization of HDL proteins

First, a characterization of the two different HDL (both discoidal and
speherical) has been done by AFM imaging (Fig.A.1). Both HDL sub-
classes have homogeneous size distribution and morphology. The
height statistical distributions of AFM imaging allowed discrimina-
tion between the spherical and discoidal shapes (Fig.A.1.C) and the
average dimensions of the two HDL subclasses were comparable
(spherical apoA-I-HDL diameter 2RS 12.7 nm, discoidal apoA-I-HDL
size 12.9 nm)

Considering the intrinsic tip convolution (finite size and specific
geometry of the AFM cantilever tip) and the relatively small dimen-
sions of the samples, the aspect of discoidal and spherical HDL can-
not be clearly distinguished by AFM imaging. However, these image
limitations can be overcome by considering the shape of the height
statistical distributions. Indeed, as result of AFM imaging procedure
it was possible to associate to each planar coordinate of the image (x,
y), the quantity z which represents the measured height at the spatial
coordinates. We analysed the statistical distribution versus the height
for bot discoidal and spherical HDL, revealing a clear difference in
the two distributions (Fig.A.1). For discoidal HDL (Fig.A.1, in green),
the distribution of the height values ranging between 4 nm and 25

nm was significantly different from the height distribution of spheri-
cal HDL (Fig.A.1, in red). Moreover, we decided to study only values
> 4 nm in order to eliminate the spurious substrate contributions (i.e.
irregularity on the surface). To quantify the resulting outcomes, we
considered the theoretical height distribution for a sphere and fit the
normalized spherical HDL height histograms with the formula theo-
retically predicted for a sphere:

P(h) = n0

(
2π

√
R2S − (h− RS)2

)
Where n0 is the normalization factor and RS is the mean radius of

the sphere. We obtained a 2RS=12.7 nm with a coefficient of determi-
nation R2=0.96.

For discoidal HDL (Fig. A.1, in green) the theoretical height distri-
bution can be considered a δ-function centred on the disks average
height hD. The height distribution is influenced by the tip convolu-
tion, the polydispersity of the sample and the possible different de-
position orientation of the disks. Since the data cannot be fit with the
δ-function, the mean disks height is considered the maximum height
of the distribution. By this procedure, the average height value for
discoidal HDL was 12.9 nm.

Characterization of Aβ Fibrillation

The aggregation process of Aβ from monomers to fibrils was followed
and characterized by AFM imaging during two days of aggregation.
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Figure A.1.: Representative images of the morphology of HDL subclasses
obtained by AFM imaging. A) Discoidal and B) spherical HDL
on APTES functionalized mica (4 x 4 µm2, 1024 x 1024 pixel,
Z-scale 20 nm), with 3-dimensional projections of a 1 x 1 µm2

region (white squares in the images). C) Normalized height
statistical distributions of spherical (red) and discoidal (green)
HDL in the range 4-25 nm. The red fit is the theoretical dis-
tribution for a sphere (2RS = 12.7nm), the green filled area
represents the δ-function (hD = 12.9nm) and the green dotted
line is the linear regression for the final part of the distribution.
Figure taken from [4].
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Several images were acquired at the beginning of the fibrillation (t = 0
h) to confirm that the starting point had no aggregates, and at succes-
sive fixed times (t = 4, 8, 24, and 48 h) (Fig.A.2). The results showed
that the aggregation process was characterized by progressive forma-
tion of unbranched fibrils of constant diameter and increasing length
[262]. The process of fibril growth can be quantitatively evaluated by
considering the time evolution of the number of pixels above a fixed
height threshold in the AFM images of fibril morphology (Fig.A.4
and A.5). The percentage of pixels above a certain threshold increases
with fibril extension and density, and it can be considered as a quanti-
tative index of the aggregation process. Threshold pixel percentages
over time show that there is continuous Aβ fibril growth in length up
to 48 h.

Effect of apoA-I Lipidation on Preformed Aβ Fibrils

The effect of apoA-I lipidation on the disaggregation of preformed
Aβ fibrils was assessed by AFM and thioflavine T (ThT) assay (Fig
A.3). Aβ fibrils were incubated with apoA-I in different lipidation
states for up to 24 h and changes in the morphology of fibrils were
followed by AFM imaging (Fig.A.3). The results showed that, start-
ing from mature Aβ fibrils of comparable length, the incubation with
spherical apoA-I HDL did not induce significant changes in fibril
morphology and concentration compared to Aβ fibrils alone. On
the contrary, incubation with both the apoA-I-HDL plasma pool (con-
sisting in a mixture of spherical and discoidal HDL) and discoidal
apoA-I-HDL induced a strong time-dependent reduction of fibril con-
centration and extension. The percentage of pixels above the 1.5 nm
threshold normalized with respect to the starting point (value at t
= 0 h) was reported for each sample at different times to obtain a
semi-quantitative analysis of AFM images. The results demonstrated
the superior capability (1.6-fold increase) of discoidal apoAI- HDL
in disassembling preformed Aβ fibrils compared to spherical apoA-
I-HDL. This was confirmed by ThT assay, where a strong, and rapid
reduction of the β-sheet content of fibrils was detected for discoidal
HDL.

From imaging to numbers: semi-quantification of fibrillation

By applying a threshold to every AFM image, it was possible to mea-
sure the number of pixels whose height was above this threshold
(white pixels). The number of white pixels was directly proportional
to the total quantity of Aβ aggregated in fibrils in the field of view
(Fig. A.2 and A.4).

In the Fig A.5, the histogram of the height distribution of a rep-
resentative AFM image at a certain step of the aggregation process
was shown. Two peaks were distinguishable: the first higher peak
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Figure A.2.: Aggregation process of Aβ from monomers to fibrils studied
by AFM. Representative images of Aβ at different fibrillation
stages (t = 0, 4, 8, 24, and 48 h) of incubation at 37

oC. A) AFM
images: 4 x 4 µm2, 1024 x 1024 pixel, Z-scale 10 nm. B) A fixed
height threshold (here 1.5 nm) is applied to the AFM images
in order to quantify the number of pixels above this threshold,
expressed in terms of percentage with respect the total number
of pixels. The number of such pixels is proportional to the total
length of the fibril, i.e. to the sum of the lengths of all the
deposited fibrils. In this way it is possible to quantify the fibril
growth. C) Quantification of the fibrillation. Percentage of pixel
above a height threshold (1.5nm) as obtained from AFM images,
plotted as a function of the incubation time at 37

oC. Figure
taken from [4].
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Figure A.3.: Disaggregation of preformed Aβ fibrils in the presence of
HDL. A) Representative AFM images of Aβ fibrils over time,
incubated at 37

oC either alone (column 1) or with different
HDL subclasses: spherical HDL (column 2), total HDL plasma
pool (column 3), discoidal HDL (column 4). 4 x 4 µm2, 1024

x 1024 pixel, Z-scale 10 nm. (B) The normalized percentage of
pixels with a height above a threshold of 1.5nm (white pixel per-
centage) is reported for Aβ in the presence of the different HDL
subclasses at different incubation times. Values are the average
of pixels higher than the threshold over several images acquired
on the same sample. Error bars represent SD. Each sample is
normalized to its respective starting point (value at t = 0 h). (C)
Thioflavine-T fluorescence as a function of time in samples con-
taining 2 mM Aβ fibrils alone (blue dotted) or incubated with
spherical HDL (green dotted), total HDL pool (orange dotted),
or discoidal HDL (purple dotted). The intensities were normal-
ized to the respective zero-time intensity. Figure taken from
[4].
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Figure A.4.: A fixed height threshold (1.5 nm) is applied to the representa-
tive AFM images Fig A.3. This process allows quantification
of the percentage of white pixels (pixel above a certain thresh-
old), which is correlated to the fibrils crowding (total length and
number).

centered on h = 0 nm is due to the statistical height distribution of
the mica on which the fibrils are deposited, and the other lower peak
centered around h = 3-4 nm is due to the presence of fibrils on the
mica. Given the partial superposition of the two peaks, the choice of
a height threshold could be somewhat arbitrary. Therefore, the con-
sequences of a particular threshold selection on the time evolution of
white pixels (i.e. pixels above that threshold) for the Aβ + Discoidal
HDL column of Fig A.3 was examined. The choice of a threshold
between 0.5 nm and 2 nm is basically irrelevant as the white pixel
percentage is independent of the threshold choice.
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Figure A.5.: A) Representative height histogram of an AFM image of fib-
rils for Aβ incubated with discoidal HDL (column 4 in Fig.A.3).
Two peaks are visible, one for the mica surface (black Gaussian
fit), and the other corresponding to the fibrils (magenta Gaus-
sian fit). Four possible height threshold values are indicated:
0.5 nm (blue), 1 nm (yellow), 1.5 nm (red), 2 nm (green). B)
Percentage of pixels above a fixed height threshold (white pix-
els) as a function of the incubation time evaluated for the 4

different thresholds. C) Normalized percentage of white pixels
above a fixed height threshold as a function of the incubation
time. The normalization is calculated with respect to the t=0h
sample. Figure taken from [4].
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a.1.2 β-amyloid protein interaction with mApoE-functionalized AuNPs

Several compounds or drugs, have been designed for the purpose
to redirect or stop Aβ aggregation, including peptides: for instance,
the trideca-peptide CWG-LRKLRKRLLR (mApoE), derived from the
receptor binding sequence of apolipoprotein E, shown to be effective
in controlling Aβ aggregation. In this study the capability of mApoE
functionalised gold nanoparticles (AuNPs) in the alteration on fibril
aggregation and disaggregation was studied. Results showed that the
performance of the mApoE peptide, in preventing Aβ aggregation
and destroying Aβ preformed fibrils, is amplified when it is clustered
on the AuNP surface with respect when it is free in solution. These
data suggest that the clustering of Aβ-targeting molecules could be
crucial in controlling both processes.

Figure A.6.: AFM characterization of non-functionalized AuNPs on mica
substrate. A) Representative AFM image of gold NPs deposited
on mica. B) Cross section of the NP highlited in the inset (aver-
age NPs radius = 5 ± 2 nm). C) A 3-dimensional magnification
of one NP.

Imaging analysis and fibril recognition

We employed the procedure proposed in [263] for the fibrils recog-
nition. This post-processing protocol had the capability to recognise
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fibrils (and measure both fibril length and width distributions) also
in the presence of a noisy background. In this protocol, each image is
analyzed in the context of an orientation Map obtained through a five-
step process: i) fibril smoothing by coherence-enhancing anisotropic
diffusion filtering; ii) contrast enhancement by top hat filtering; iii) bi-
narization by thresholding (classifying which pixels belong to fibers
and which do not); iv) skeletonization of the fibers to single-pixel; v)
orientation mapping from the result of diffusion filtering. Even if this
method can be partially affected by an overestimation of the width
of the fibrils, it results to be a quite reliable semi-quantitative method
for characterizing the aggregation and disaggregation processes.

Gold Nanoparticles characterisation

The size and polydispersity of AuNPs were checked by Dynamic
Light Scattering (DLS). Every sample resulted monodispersed with
an average radius of 22 ± 7 nm. The NPs dimension was also ver-
ified by AFM imaging (Nanowizard II, JPK, Berlin). In Fig A.6A,
a representative image of NP deposited on mica substrate was re-
ported (4x4 µm2, 2048 x 2048 pixel, Z-scale 5nm). From the height
distribution analysis, an average particle radius of 5 ± 2 nm, value
compatible with the one obtained from previously obtained TEM im-
ages [264], while the DLS measurements are particularly prone to an
over-estimation of the hydrodynamic radius.

Effect of mApoE-NPs on Aβ peptide aggregation

Focusing on the first column of Fig.A, in which images of bare
Aβ1−42 at zero time or after 24 h and 48 h of incubation are re-
ported, a progressive increase in time of the deposited fibrils number
and length could be observed. The presence of non-functionalized
NP (Fig.A, second column), appeared to favor the aggregation pro-
cess, since after 48 h the fibrils were even more abundant than in
the corresponding bare Aβ1−42 frame. Conversely, the presence of
both free mApoE and AuNP functionalized with mApoE clearly hin-
dered the aggregation process. Apparently, the AuNP functionalized
with mApoE were more efficient than free mApoE in decreasing the
Aβ1−42 aggregation rate. In order to corroborate the above described
qualitative observations about the stimulated or inhibited fibril ag-
gregation process from a quantitative standpoint, an automatic algo-
rithm allowing to analyze the images and to extract length, width and
number of deposited fibrils in each sample was applied. Confirmed
also by visual inspection of the images, the procedure eliminated the
noise, yet preserving the elongated objects. Disregarding spherical
objects, but not elongated aggregates, the algorithm recognized the
fibrils in the AFM images and reports their width and length dis-
tributions, from which it was possible to extract the percentage of
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surface covered by fibrils, confirming the same trend of both visual
inspection of AFM data (Fig.B)and of the FITC-Fluorescence emission
(Fig.C). Notably, the FITC-Aβ1−42 fluorescence assay allows to un-
ravel the initial (pre-fibrillation) steps of amyloid aggregation, which
are blind to AFM analysis, while it is unfit to probe fibrillation. Thus,
the combination of the two methods offers a complete panorama of
the aggregation dynamics.

a.1.3 Disaggregation effect of mApoE-NPs on Aβ preformed fibrils

Fig.A.9A shows some representative AFM images obtained from a
solution of preformed Aβ fibrils in the presence of free AuNP (sec-
ond column), free mApoE (third column)or and AuNP functionalized
with mApoE (fourth column). Fig.A.10B shows the percentage of de-
posited fibrils, normalized with respect to the initial situation. Both
visual inspection of Fig. A.9A, A.9B and the quantitative analyses
reported in Fig.A.10A and A.10B suggested that the amount of de-
posited fibrils was essentially constant in time for bare Aβ, while
the presence of non functionalized or mApoE functionalized AuNP
causes a progressive disaggregation of the preformed fibrils, which
was more effective in the latter case. Notably, even bare NP dis-
play a moderate but non-negligible disaggregating potential on pre-
formed fibrils. Interestingly, the mApoE-functionalized NP induced
the steeper reduction in the mean number of fibrils, and were ap-
parently more effective in reducing their average length. The above
results were qualitatively confirmed by those obtained by using the
ThT-assay which are reported in Fig.A.10C.
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Figure A.7.: AFM images relative to the effect of non functionalized AuNP,
free mApoE, and mApoE functionalized AuNP on the fibril-
lar aggregation of Aβ1−42. A) Representative AFM images
(4x4 µm2, 1024 x 1024 pixel, Z-scale 10 nm) of typical aggrega-
tion patterns of bare Aβ1−42 amyloid fibrils (first column), of
Aβ1−42 amyloid fibrils in presence of non functionalized AuNP
(second column), or free mApoE (third column), or mApoE
functionalized AuNP (fourth column). Data taken at three dif-
ferent incubation times: t=0 h (first line), t=24 h (second line)
and t=48 h (third line). B) Post-processed analysis of the AFM
images reported in A. The lines represent the resulting de-
posited fibrils as selected by the indicated software procedure.
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Figure A.8.: Quantitative analysis of the effect of non functionalized NP,
mApoE, mApoE functionalized NP on the aggregation of
Aβ1−42. A) Statistical distribution of fibrils length (main fig-
ures) and width (insets) as obtained from the analysis of AFM
data reported in Fig.A.7B. The values in the histograms are re-
ported in nm. B) Quantitative analysis of AFM images reported
in A. The percentage of deposited fibrils is plotted as a func-
tion of time of aggregation. Data obtained for Aβ1−42 bare in
solution (black dots) or in the presence of non functionalized
NP (green dots), free mApoE (red dots), or mApoE function-
alized NP (blue dots). C) FITC fluorescence representing the
aggregation of 30 nM FITC-Aβ1−42 as a function of the aggre-
gation time: free Aβ (black squares) is compared to Aβ added
with non functionalized NP (green circles), free mApoE (red
diamonds), or mApoE functionalized NP (blue stars). The nor-
malized fluorescence values are the average over the three ex-
periment repetitions, with error bars corresponding to the per-
taining standard errors.

212



Figure A.9.: AFM images of the effect of non functionalized AuNP, free
mApoE, and mApoE functionalized AuNP on the disaggrega-
tion of preformed Aβ fibrils. (A) Representative AFM images
(4x4 µm2, 1024 x 1024 pixel, Z-scale 10 nm) of typical disag-
gregation patterns of preformed Aβ1−42 amyloid fibrils (first
column), of Aβ1−42 amyloid fibrils in presence of non function-
alized AuNP (second column), or free mApoE (third column),
or mApoE functionalized AuNP (fourth column). Data taken
at three different incubation times: t=0 h (first line), t=24 h (sec-
ond line) and t=48 h (third line). B) Post-processed analysis
of the AFM images reported in A. The lines represent the re-
sulting deposited fibrils as selected by the indicated software
procedure.
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Figure A.10.: Quantitative analysis of the effect of non functionalized
AuNP, free mApoE, and mApoE functionalized AuNP on the
disaggregation of preformed Aβ fibrils. A) Statistical analysis
of fibrils length (main figures) and width (insets) as obtained
from the AFM data reported in Fig.A.9B. The values in the his-
tograms are reported in nm. B) Quantitative analysis of AFM
images reported in A. Percentage of deposited fibrils plotted
as a function of time of disaggregation. Data obtained for Aβ
bare in solution (black dots) and in the presence of bare NP
(green dots), free mApoE (red dots) or AuNPs coated with
mApoE (blue dots). The reported percentage of deposited fib-
rils is normalized with respect the initial value (t=0 h). C) ThT
assay-based evaluation of the evolution of preformed fibrils.
THT fluorescence plotted as a function of time in 2 µM concen-
trated pre-fibrillated samples of Aβ stained with 10 mM THT:
free Aβ (black squares) is compared to Aβ added with non
functionalized NP (green circles), free mApoE (red diamonds),
or mApoE functionalized NP (blue stars). The intensities were
normalized to the initial (t=0 h) intensity.
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a.2 dna protein-mediated collapsing and crowding

agent effect (hns and peg)

It has been suggested that the combination of bridging from the
Histone-like Nucleoid Structuring protein (H-NS) and molecular
crowding from the cellular environment may play a major role in the
physical structuring of the E. coli genome [265, 266, 267]. The macro-
molecules of the bacterial cell occupy a large amount of the total cy-
tosol volume and crowded environments have long been known to
compact and stabilize DNA [268, 269]. To study the interplay of this
physical factor and the H-NS bridging activity in a clean controlled
setting, we analyzed the structural compaction and folding kinetics
on short DNA molecules in the presence of both H-NS and crowding
induced by poly-ethylene glycol (PEG). We used two different single
molecule nanomechanical techniques, MT (Fig.A.11) and AFM. All
the data and figures reported here are taken or inspired from [9].

Figure A.11.: Sketch (not in scale) of the MT experiments. One end of a DNA
filament is attached to a fixed substrate, while the other end is
connected to a magnetic bead. As indicated in the sketches, at
a fixed force, the presence of proteins and/or crowding agents
reduce the DNA extension by a value of ∆Le.

H-NS alone showed a step-wise DNA collapse due to the formation
of multiple bridges, with a critical unfolding force that was indepen-
dent from H-NS concentration. Conversely, PEG alone showed an
highly concentration-dependent collapse force. We interpreted the
two limit cases using the existing theories of loop formation in a
pulled chain and pulling of an equilibrium globule. Finally combi-
nation of the two agents showed a clear cooperative effect between
the activity of the H-NS protein and the depletion force created by
PEG. This behaviour can be described by considering both the pre-
viously proposed enhancement of the depletion attraction by H-NS
coating and the persistence of (modified) loop-forming properties of
H-NS. We hypothesized that this double role of H-NS in enhanc-
ing compaction while forming specific loops could be important in
vivo for defining specific mesoscale domains in chromosomal regions.
Here, aiming to get a cleaner view on the joint role played by H-NS
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and crowders on DNA collapse, we used a single-molecule MT setup
to investigate the DNA extension under the effect of externally ap-
plied forces, and under an interplay of H-NS (in the regime of the
bridging mode) and crowding, induced by the 1500 molecular weight
PEG, (PEG1500) at various concentrations. We combined these mea-
surements with AFM imaging techniques, aiming to complement our
view of the molecular interaction of DNA with H-NS or PEG.

a.2.1 SMFS of H-NS and PEG mediated DNA collapsing

Fig.A.12 reports representative experimental MT force-extension
curves showing the effects of various H-NS and PEG concentrations
on the DNA collapse (red lines represent the trace of bare DNA,
whereas the lines in different blueish or greenish colors illustrate the
collapse of DNA molecules at various concentrations of H-NS or PEG
respectively).

As shown in Fig.A.12, all the DNA folding curves in the presence of
H-NS overlapped approximately at the same critical force (Fbridging =

0.15± 0.01pN, reported in the inset as blue circles), indicating that
the bridging phenomenon was not affected by protein concentration.

Conversely, the DNA condensation induced by PEG, strongly de-
pended on the concentration of the crowding agent, as shown in
Fig.A.12. The force of DNA collapse in the presence of PEG was
increasingly shifted toward higher values for higher PEG concentra-
tions (reported in the insets of Fig.A.12).

The different behaviour of condensation in the presence of PEG and
H-NS was also witnessed by temporal evolution of the DNA exten-
sion at a fixed force. Fig.A.13 shows representative temporal traces
of the DNA collapse induced by 30nM H-NS or 19% PEG. Overall,
in the presence of H-NS we observed a clear multistep feature typical
of the formation of multiple loops, while in the presence of PEG we
noted an abrupt and quick jump of DNA with no intermediate steps.
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Figure A.12.: The concentration dependence of H-NS bridging-binding
mechanism (Top) and the DNA collapse induced by PEG (Bot-
tom) is qualitatively different. Force-extension curves acquired
on bare DNA (red lines) and on DNA in the presence of H-NS
(blueish lines) or PEG (greenish lines) respectively, at concen-
trations ranging between 15nM and 1µM for H-NS or between
13% and 22% v/v for PEG. Insets: bridging force measured
as a function of the H-NS or PEG concentrations.

Figure A.13.: Representative temporal traces of the DNA end-to-end exten-
sion measured during a DNA compaction event induced by
H-NS or PEG: data taken in the presence of 30nM H-NS (Top,
forces decreasing from 0.18pN to 0.13pN) and PEG 19% v/v
(Bottom, forces decreasing from 0.93pN to 0.87pN). Right pan-
els: histograms on the end-to-end extension of DNA reported
in the temporal traces of the left panels.
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a.2.2 AFM imaging shows H-NS and PEG interactions with the DNA
chain

To qualitatively visualize the characteristics of the DNA collapse in
presence of H-NS or PEG, we collected and analyzed several high
resolution AFM images. Some representative example are shown in
Fig.A.14 for H-NS:DNA and in Fig.A.15 and Fig.A.16 for PEG:DNA
complexes respectively.

Figure A.14.: AFM images of HNS-induced DNA collapse in the presence of
0 (A), 50 nM (B), 100 nM (C) and 500 nM (D) H-NS respectively,
at the DNA concentration of 0.3ng/µl. (images acquired in H-
NS bridging buffer 10 mM Tris-HCl at pH 7.5, 60 mM KCl, 10

mM MgCl
2
, 1x1 µm2, 256 x 256 pixel, Z-scale 1.5 nm).

As illustrated in Fig.A.14, Fig.A.15 and Fig.A.16, increasing the H-
NS or PEG concentrations, we observe a clear progressive condensa-
tion of DNA.
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Figure A.15.: AFM images of PEG-induced DNA collapse in the presence
of 0 (A), 7.5% v/v (B), 10% v/v (C) and 15% v/v (D) PEG re-
spectively, at the DNA concentration of 0.3ng/µl. (Images
acquired in the same conditions reported in Fig.A.14).

Figure A.16.: AFM images of PEG-induced DNA collapse in the presence
of 0 (A), 7.5% v/v (B), 10% v/v (C) and 15% v/v (D) PEG re-
spectively, at the DNA concentration of 1.2ng/µl. (Images
acquired in the same conditions reported in Fig.A.14).
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a.2.3 Cooperative effects of H-NS and PEG

After the investigation of the individual behaviour of the DNA exten-
sion in the presence of H-NS or PEG, we focused on the combined
effects of the protein and the crowding agent on DNA condensation.
These experiments, simultaneously exploring the nanomechanics of
the interaction between DNA and H-NS plus PEG, simulated more
realistic conditions, closer to the ones typical of a cellular environ-
ment.

Figure A.17.: Cooperative effects on the DNA bridging and collapse fold-
ing force in presence of H-NS and PEG. (Top) Bridging force
Fbridg as a function of H-NS concentration (blue circle, lower
horizontal axis), and folding force Ffold as a function of
PEG concentration (green circle, upper horizontal axist). Data
taken in presence of both H-NS and PEG (black circles) at
the same H-NS and PEG concentrations indicated on the up-
per and lower horizontal axis. Error bars represent the stan-
dard deviations. (Bottom) Representative temporal trace of a
force-extension experiment during DNA folding in presence
of 30nM H-NS and 8% v/v PEG. Right panel: corresponding
statistical distribution of the DNA extension.

We used the qualitatively different dependency of the critical forces
on PEG volume fraction reported in the inset of Fig.A.12 for H-NS or
PEG alone, as a test for cooperative effects in the presence of both
H-NS and PEG (Fig.A.17). The plot clearly indicate that the value of
the critical force (Fbridg) to unwind a PEG-triggered globule increase
drastically in the presence of also H-NS. This is in line with the hy-
pothesis formulated by previous studies, that H-NS affected the de-
pletion interaction induced by PEG, helping DNA collapse [270].
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Additionally, from the temporal traces recorded during the DNA
condensation we could verify directly whether the steps triggered by
loop formation still occurred in the presence of both H-NS and PEG.
Indeed, we report in Fig.A.17 a representative temporal trace and
its corresponding statistical distribution of the DNA extension in the
presence of both H-NS and PEG. Here, the kinetics of DNA folding
induced by H-NS and PEG showed very similar feature to the kinetics
of DNA bridging mechanism of H-NS alone (see Fig.A.13, Top). The
presence of a multistep temporal trace was a clear signature of the
protein binding, which is different from the crowding effect alone (see
Fig.A.13, Bottom). Hence, we conclude that H-NS appeared to play
the double role of enhancing depletion forces induced by PEG, and
specifically forming loops. This role could be important in an in vivo
context, to help maintaining separate domains, which are programmed
on the chromosome by the specific binding action of H-NS, even in
the presence of strong depletion forces collapsing the chromosome.
Thanks to the pinning effects of H-NS maintaining specific loops, a
collapsed in vivo chromosome could maintain compartmentalization
and achieve very different properties from an equilibrium globule.
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a.3 glyco-functionalized collagen-based biomaterials

The creation of an artificial extracellular matrix (ECM), opportunely
tunable for different type of cells is one of the most important achieve-
ment for the regenerative medicine as well as for in-vitro cellular
studies. The cell microenvironment plays a pivotal role in mediating
cell adhesion, survival, and proliferation in physiological and patho-
logical states. The glycosylation of ECM proteins remains, however,
largely unexplored. The charachterization of a chemoselective glyco-
sylation approach for collagen matrices was performed by means of
AFM imaging.

AFM for glyco-functionalized matrix imaging

Atomic Force Microscopy (AFM) measurements were performed
in air using a Multimode 8 AFM (Bruker Corporation, Santa Bar-
bara, CA, USA). Images were acquired in peak force tapping mode
(PeakForce-Quantitative Nano-Mechanics, PF-QNM). Collagen films
were immobilized on a glass surface by letting evaporate a drop of
water. V-shaped Scan Asyst Fluid + (0.7 N/m) cantilevers were used.
Data processing was performed using the commercial Nanoscope
Analysis software (Bruker Corporation, Santa Barbara, CA, USA).

AFM analysis (Fig.A.18) reveals that both neoglycosylated films
(Samples 3 and 4) have well-defined fibrillary structures, and on the
contrary, the untreated control shows amorphous structures. The fib-
rillary organization of collagen is a fundamental feature in cell culture
and tissue engineering.

As highlighted in Fig.A.18 and A.20, Sample 3 and Sample 4

present well-defined fibrils, having respectively pitches of 68 ± 5 nm
(Sample 3) and 72 ± 2 nm (Sample 4), regardless of the width of the
fibril.

The roughness Rqof the samples was calculated in according with
the standard formula

Rq =

√∑
z2i
N

by using the available tool of the commercial Nanoscope Analysis
software (Bruker Corporation, Santa Barbara, CA). The images were
splitted into 25 different regions and the resulting surface roughness
are evaluated and averaged. Despite the presence of the fibrils, the
roughness of the CT sample (Rq = 196 ± 44 nm) is approximately two
times bigger than the neoglycosylated collagen films (Rq = 74 ± 15

nm for Sample 3 and Rq = 111 ± 25 nm for Sample 4). Also the Ra
for each sample was evaluated by the means of the standard formula

Ra =
1

N

N∑
j=1

|Zj|
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Figure A.18.: Representative AFM topography image of collagen films ac-
quired in PeakForce mode in air. Different scan sized images
of collagen matrix without further modification, glucose (line
2) and maltose (line 3) neoglycosylated collagen films were
collected. From left to right: column 1 (3 x 3 µm2, 512 z 512

pixel, Z-scale 200 nm), column 2 (10 x 10 µm2, 512 x 512 pixel,
Z-scale 500 nm), and column 3 (50 x 50 µm2, 512 x 512 pixel,
Z-scale 1.4 µm). Fig taken from [3].

reporting values showing the same behavior than the ones found for
the Rq (Ra = 165 ± 36 nm for CT, Ra = 59 ± 12 nm for Sample 3

and Ra = 88 ± 18 nm for Sample 4). All the values of roughness here
reported are mean value ± st. dev.

Collagen molecules are packed in a quarter-staggered fashion
which gives rise to a repeating banding pattern, the so-called D-
periodicity or D-band, of about 67 nm [271, 272]. It has been reported
in the literature that the transverse D-banding periodic pattern is a
key player with respect to fibril mechanical properties, which signifi-
cantly impacts cell-collagen interactions and is correlated with patho-
logical conditions. In nature, the structural, mechanical, and func-
tional features of native collagen in the ECM are strongly linked to
the contribution of several factors. These include a) the interactions
with other ECM proteins and soluble proteins (interactors), b) the
interaction with cell surface receptors, and c) post-translational mod-
ifications. Data reported in the literature on collagen triple helix for-
mation [273] suggests that the glycosylation of collagen chains has an
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Figure A.19.: 3D Lighting (Nanoscope Analysis software -Bruker Corpora-
tion, Santa Barbara, CA) image of collagen matrices acquired
in PeakForce mode in air reported in the Figure A.18. Different
scan sized images of collagen matrix without further modifi-
cation (line 1), glucose (line 2) and maltose (line 3) neoglyco-
sylated collagen matrices were collected. From left to right:
column 1 (3 x 3 µm2, 512 x 512 pixel, Z-scale 200 nm), column
2 (10 x 10 µm2, 512 x 512 pixel, Z-scale 500 nm), and column 3

(50 x 50 µm2, 512 x 512 pixel, Z-scale 1.4 µm). Fig taken from
[3].

important contribution to surface roughness variations in cell–ECM
and ECM–ECM interaction [274, 275]. As verified by AFM analysis,
morphological changes in neoglycosylated collagen could have an in-
fluence on both the inter-molecular and inter-fibrillar interactions of
the triple-helical domain of collagen films, contributing also to the
improved biological activity of the produced films.
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Figure A.20.: 3 x 3 µm2 AFM topography images of Sample 3 - Glc (a) and
Sample 4 - Malt (d) reported in Fig.A.18 with the indication of
the chosen fibrils for the pitch analysis, (b-e) the pitch and the
width of each fibrils and (c-f) the absence of correlation of the
pitch with the fibril’s width. Figure taken from [3].
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B
A F M - B A S E D E L A S T I C I T Y M E A S U R E M E N T S

b.1 collagen matrix

b.1.1 Endogenous LOX Secreted by ccRCC Cells Modifies the Collagen
Matrix Stiffness

Human clear cell renal cell carcinoma (ccRCC) tumour progression
has been correlated with Lysyl Oxidase (LOX) capacity to crosslink
collagen and increase extracellular matrix (ECM) stiffness. The me-
chanical effects of secreted LOX on collagen-coated gels was quan-
tified using the atomic force microscopy (AFM) and calculating the
values of the Young modulus (see Sec.1.3.3). The ccRCC conditioned
media, in which LOX is present, induced a significant increase of col-
lagen matrix stiffness evidenced by the Young modulus that is higher
by a factor of 1.30± 0.32 (means± SD) with respect to the value of col-
lagen matrices treated with fresh control media (Fig. B.1). The pres-
ence of bAPN LOX inhibitor in ccRCC-conditioned media prevented
collagen matrix from becoming stiffer, resulting in a non significant
variation of Young modulus (0.90 ± 0.23) with respect to the control
media treatment. These data were confirmed even by using the con-
ditioned medium of LOX silenced ccRCC cells (Fig. B.1). Overall, the
stiffness measurements highlighted that the active LOX constitutively
produced by ccRCC increased the collagen matrix stiffness.

Collagen Matrix Stiffness Measurements by AFM

Collagen matrices were prepared as described in the following para-
graph. Briefly, 15µL of 7.5% acrylamide and 0.4% bisacrylamide
(Sigma-Aldrich) gel solution was delivered on round 25-mm glass
coverslips, and after polymerization, 300 mL of Sulfo-SANPAH
(Sigma-Aldrich) was added to gel surface. After 2 hours, 1 mL of
1 mg/mL of fresh collagen solution was added to the gel surface and
incubated overnight at 37

oC. Phosphate-buffered saline (PBS) rinsed
collagen-coated matrices were then treated overnight at 37

oC with (i)
control medium, ii) control medium of ccRCC primary cell culture
plus 500 mM bAPN LOX Inhibitor (Sigma-Aldrich), iii) conditioned
medium of ccRCC primary cell culture, iv) conditioned medium of
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Figure B.1.: (Left) Evaluation of collagen matrix stiffness after treatment
with control medium, control medium containing LOX inhibitor
βAPN, conditioned medium of ccRCC primary cultures express-
ing HIF-1a, and the same ccRCC conditioned medium contain-
ing bAPN. Data were represented as fold-change with respect
to control medium considered equal to 1. *P < 0.05 (t-test).
(Right) Evaluation of collagen matrix stiffness after treatment
with conditioned medium of LOX silenced and control ccRCC
primary cultures. Data are expressed as fold-change with re-
spect to siRNA LOX conditioned medium considered equal to
1. Fig taken from [6].

ccRCC primary cultures plus 500 mM bAPN, v) conditioned medium
of ccRCC cells treated with control siRNA, and vi) conditioned
medium of ccRCC cells treated with LOX siRNA for Fig.B.1, Right).
Stiffness measurements of differently treated collagen matrixes were
performed in PBS solution using standard AFM Nanowizard II (JPK,
Berlin, Germany). The force-displacement curves between contact
point and the 2000-nm deformation depth have been analysed and
fitted by means of Hertz Model. Young modulus was represented as
fold-change with respect to control considered equal to 1.

b.1.2 The 1ALCTL and 1BLCTL isoforms of Arg/Abl2 induce fibroblast
activation and extra cellular matrix remodelling differently

The activated fibroblasts (myofibroblasts), which are abundant in the
fibrotic tissue closed to some kind of cancer cell, play a role in the cre-
ation of a cancer cell favourable environment, characterised by abun-
dant extracellular matrix (ECM) secretion [5]. The myofibroblasts re-
model this tissue through secreted molecules and modulation of their
cytoskeleton and specialized contractile structures. The non-receptor
protein tyrosine kinase Arg has the unique ability to bind directly
to the actin cytoskeleton, transducing diverse extracellular signals
into cytoskeletal rearrangements. Here, we analysed the 1ALCTL
and 1BLCTL Arg isoforms in Arg−/− murine embryonal fibroblasts
(MEF) cell line, focusing on their capacity to activate fibroblasts and to
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Figure B.2.: Evaluation of stiffness of the MEF-DM. Dot plot shows the stiff-
ness expressed as Young modulus (Pa) of the different matrices,
each dot represents a measure performed in different positions
of MEF-DM during independent experiments (n=3). Fig taken
from [5].

remodel ECM, including a stifness different modulazion. The results
obtained showed that Arg isoform 1BLCTL has a major role in prolif-
eration, migration/invasion of MEF and in inducing an environment
able to modulate tumour cell morphology, while 1ALCTL isoform
has a role in MEF adhesion maintaining active focal adhesions. On
the whole, the presence of Arg in MEF supports the proliferation, ac-
tivation, adhesion, ECM contraction and stiffness, while the absence
of Arg affected these myofibroblast features.

As fibronectin and collagen I deposition is relevant in determin-
ing matrix stiffness, we assessed the relation between the produced
ECM and their respective stiffness after removing MEF cells. Fig.
B.2 showed a decreased stiffness of ECM produced by Arg−/− MEF
with respect to wt MEF. The 1ALCTL Arg isoform was unable to elicit
the production of matrix with stiffness at the level of wt MEF, while
1BLCTL transfection elicited the production of ECM with the highest
stiffness above all the samples.

The ECM stiffness is due to the amount of collagen and fibronectin
fibres, their cross-link and ECM morphology. The specific role of Arg
in producing fibronectin and collagen matrix turned out to be also
significant in producing a specific matrix framework able to modulate
the tumour cell morphology.
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b.2 single cell force spectroscopy

In the last two decades, several efforts on single cell force spec-
troscopy (SCFS) aimed to quantitatively measure the mechanical
properties of living cells and relate them to cell structure and func-
tion. It has been demonstrated that the cells mechanical properties
are closely connected to several important cellular functions such as
differentiation, adhesion, motility, proliferation, internal molecular
transport, or signal transmission [276, 277]. Among other techniques,
the AFM-based SCFS has proved to be a valuable tool for the quanti-
tative characterization of static and frequency-dependent mechanical
properties of micro-structures, such as cells, thanks to its ability to
sense and apply nanoscale forces in near physiological environments
[26, 28].

Several studies reported the correlation between cells elasticity and
their patho-physiological state, including cancer diseases [28, 29, 278,
279, 280]. Usually, low rigidity of cancer cells was suggested as an
indicator for cancer diagnosis [28, 29]. However, there are results
demonstrating no change [281] or even increase of rigidity [282] with
malignant carcinoma development.

Here, three different studies of cellular elasticity based on AFM-
based SCFS technique are reported.

Materials and Methods: SCFS on cell lines

Prior to experiments, cells were cultured on Poly-D-lysine function-
alized glass (for ETNK cell lines), on Poly-L-ornithine 1:10 (for MEC
cell lines) or directly on non-functionalized standard petri dishes in
their culture medium. Cells were then incubated in the CO

2
incubator

for at least 2 hours, then washed very carefully 2x times with sterile
PBS solution (pH 7.4).
All SCFS measurements were carried out using standard AFM
Nanowizard II (JPK) working in force spectroscopy mode. To prevent
significant changes in morphology or biochemistry of living cells out-
side the incubator, each sample was measured within 2 hours. Dur-
ing that time, at least two force maps (8x8 pixels grid, scan size of
8x8 µm2) in the center of the cells were recorded. The force set point
was set at 0.5− 1 nN and the approach and retract speeds were kept
at 2µm/s (4µm/s for ETNK cell lines).
For the exemplify measurements reported for pancreatic cells lines in
Fig.B.9 and B.10, 20x20 pixels grids ∼ 40x40 µm2 were adopted.
The cantilevers: DNP S10 - D (Nominal Constant 0.06 N/m, Bruker
Corporation) or MLCT-BIO-E (Nominal Constant 0.01 N/m, Bruker
Corporation) were calibrated before the SCFS measurements both in
air and in PBS solution using Thermal Noise method. The force-
displacement curves between contact and 500-nm deformation depth
have been analysed. Cell elastic properties were evaluated quantita-
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tively through the Young’s modulus, with the Hertz-Sneddon contact
mechanics for a paraboloidal tip.

Materials and Methods: AFM imaging for fixed MEC1 cells

AFM-imaging measurements were performed in air using a Multi-
mode 8 AFM (Bruker Corporation, Santa Barbara, CA, USA). Images
were acquired in peak force tapping mode (PeakForce-Quantitative
Nano-Mechanics) (50 x 50 µm2, 256 x 256 pixels). MEC1HS1KO and
MEC1HS1UT cells were incubated on collagen films and fixed by us-
ing paraformaldehyde 4% and refrigerate overnight at 4

oC. Prior to
the imaging, specimens were washed two times with MilliQ water
and letting evaporate the fluid. V-shaped Scan Asyst Fluid+ (0.7
N/m) cantilevers were used. Data processing was performed using
the commercial Nanoscope Analysis software (Bruker Corporation,
Santa Barbara, CA, USA).

b.2.1 ETNK1-mutated cells lines

ETNK1 kinase is responsible for the phosphorylation of
Ethanolamine (Et) to Phosphoethanolamine (P-Et). P-Et plays
a critical role in the Kennedy pathway, representing the main
metabolic route by which mammalian cells synthetize the two most
abundant cell-membrane phospholipids: phosphatidylethanolamine
and phosphatidylcholine [7].

A cells-elasticity study has been performed on ETNK1-WT, ETNK1-
N244S mutations and ETNK1-KO cells lines, showing a similar rigid-
ity (Fig.B.4) to asses that the ETNK1 mutations not significantly af-
fected cell-membrane composition. The also Phosphoethanolamine
(+p-Et in Fig. B.4) phosporilation has been charactherized (only for
ETNK1-WT and ETNK1-KO lines, in Fig. B.3).
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Figure B.3.: Young’s modulus of elasticity calculated for ETNK1-WT (light
blue), KO (green) lines in the presence of the inhibitor p-ET
(dark blue for ETNK1-WT and dark green for ETNK1-KO).
Boxes represent the interquartile range; whiskers delimit the
25th and 75th percentile range, red crosses represents the out-
liers values.

Figure B.4.: A-C) Exemplificative AFM force maps (8x8 pixels grid) of
ETNK1-WT (A), ETNK1-N244S (B) and ETNK1-KO (C) cells.
Pixel color code is scaled between 0 (black) and 1.4 kiloPascal
(white). D) Young’s modulus of elasticity calculated for ETNK1-
WT (blue), N244S (orange) and KO (green) lines. Boxes repre-
sent the interquartile range; whiskers delimit the 5th and 95th
percentile range. Figure taken from [7]
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b.2.2 Chronic Lymphocytic Leukaemia Cells

Chronic lymphocytic leukaemia (CLL) is a B cell lymphoproliferative
disorder and represents one of the most common adult leukaemia,
with an incidence ranges between 4 to 6 cases per 100,000 people per
year in Europe and US. CLL is a very heterogeneous disorder and
nowadays there are no prognostic factors able to discriminate CLL
patients who will eventually progress at the diagnosis [283].

CLL cells traffic between peripheral blood, bone marrow and sec-
ondary lymphatic tissues where interact with the microenvironment
[284]. These processes are affected by the mechanical-forces present
in the environment and by the capability of the cells to sense the
forces. Deciphering the nature and the molecular mechanisms of this
complex cross-talk could lead to the identification of new prognostic
factors and treatments that operate through novel mechanisms.

It has been demonstrated that Hematopoietic-cell-specific Lyn-
substrate-1 (HS1) protein [285] is a cytoskeletal regulator and a prog-
nostic factor in CLL [286], proving that interfering with HS1 expres-
sion/phosphorylation impacts on the progression and homing of
CLL cells. In particular, previous studies found that patients having
an active-HS1 (Y397,Y378) have a good prognosis and a cytoskeletal
activity similar to healthy B cells, while those carrying inactive-HS1

show an impaired cytoskeletal activity [287, 288].
The mechanobiology importance has been recognized in different

solid tumours: neoplastic cells are capable of sensing the mechanical
signals from the microenvironment using mechanosensor receptors,
driving cancer progression and invasion. Moreover, CLL cells, like
healthy B lymphocytes, are plastic cells constantly re-organizing their
cytoskeleton to traffic in and out the tissues and shift from adhesive
to non-adhesive phenotype by a sequential engagement of adhesion
molecules, chemokine and cytoskeletal proteins. These processes are
all affected by the mechanical-forces present in the microenvironment
(sheer stress, substrate rigidity). Despite, for healthy B lymphocytes,
this plasticity is necessary to perform their immunological functions,
the same mechanism might might also drive the inset and progres-
sion of CLL.

To further study HS1 role in CLL a knocked-down HS1 mutant in
a CLL cell line (MEC1) was produced. By several network analysis
on MEC1HS1−KO vs MEC1HS1−UT it was found that HS1-KO signif-
icantly affects the expression of molecules involved in: cell motility,
adhesion, cell-cell communication, focal adhesion formation [288]. To
study the nano-mechanical properties of those cells AFM-based sin-
gle cell force spectroscopy was performed (Fig.B.5 for MEC1HS1−KO

and Fig.B.6 for MEC1HS1−UT cell lines).
By elasticity analysis we found that MEC1HS1KO cells were

sensitively less stiff if compared with MEC1HS1−UT cells
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Figure B.5.: A typical experiment of MEC1HS1−KO cell line elasticity. A)
AFM image of a fixed KO cell (50 x 50 µm2, 256 x 256 pixels,
z-bar 2.8µm, PeakForce in Air). B) Optical image of cells in the
field of view of AFM camera. C) A typical force-vs-extension
curve for KO cells (trace in red, retrace in dark red and Hertz-
Sneddon model fit for a parabolidal tip in light green).

Figure B.6.: A typical experiment of MEC1HS1−UT cell line elasticity. A)
AFM image of a fixed WT cell (50 x 50 µm2, 256 x 256 pixels,
z-bar 2.8µm, PeakForce in Air). B) Optical image of cells in the
field of view of AFM camera. C) A typical force-vs-extension
curve for UT cells (trace in red, retrace in dark red and Hertz-
Sneddon model fit for a parabolidal tip in light green).

(E(MEC1HS1−KO) = 1.23± 0.79 kPa vs E(MEC1HS1−UT ) = 3.40±
2.21 kPa., Fig.B.7 and B.8). This results demonstrated a putative role
for HS1 in regulating the mechanical properties of CLL cells, also in
decreasing the cell stiffness and, probably, increasing the cell motil-
ity. Moreover, the cell mobility and the minor rigidity allow the cell to
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permeate tissues, especially in lymph nodes and bone marrow, where
CLL cells start creating the solid tumor.

Figure B.7.: Young’s modulus of elasticity calculated forMEC1HS1KO (blue)
and MEC1HS1UT (pink) cells lines. Boxes represent the in-
terquartile range; whiskers delimit the 25th and 75th percentile
range, red crosses represents the outliers values.

Figure B.8.: Merged Young’s modulus of elasticity calculated
forMEC1HS1KO (blue) and MEC1HS1UT (pink) cells
lines. Boxes represent the interquartile range; whiskers
delimit the 25th and 75th percentile range, red crosses
represents the outliers values. Final Young Modu-
lus values: EMEC1(HS1 − KO) = 1.23 ± 0.79 kPa and
EMEC1(HS1−UT) = 3.40± 2.21 kPa.
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b.2.3 Pancreatic ductal adenocarcinoma Cells

Pancreatic Ductal Adenocarcinoma (PDAC) accounts for about the
90% of pancreatic cancers, characterized by a poor prognosis due to
its particularly aggressive metastatic nature [289]. It has been previ-
ously reported that PDAC cells expresses high level of Gα16 protein,
the α-subunit of heterotrimeric G16 protein [291]. In gastrointesti-
nal and pancreatic tumors, the expression of this protein induces a
neoplastic transformation of healthy cells.

This work had been focused on the study of the possible biological
role of Gα16 in PT45 and PANC-1 human cell lines deriving from
PDAC. Two different PT45 and PANC-1 cell line were generates, in
which the expression of Gα16 was absent following gene silencing
using the CRISPR/CAS9 technique (KO).

Previous studies showed that neoplastic cells might have a differ-
ent membrane stiffness with respect to healthy cells [26, 27, 28, 290].
Thus, the contribution of Gα16 to the regulation of membrane stiff-
ness was evaluated by and AFM-based single cell force spectroscopy.

The results showed that PANC-1 KO cells, which suffer from the
absence of the Gα16 protein, were more rigid than their WT coun-
terpart, indicating a possible involvement of Gα16 in the regulation
of cellular stiffness (Fig.B.11). The same effect was not noticeable in
PT45 cells (Fig.B.12).

236



Figure B.9.: A typical experiment of PANC1-WT cell line elasticity. A) Op-
tical image of a PANC1-WT cell in the field of view of AFM
camera. B) AFM height image of the same cell (60 x 60 µm2,
128 x 128 pixels, z-bar 14µm). C) Elasticity height image of the
same cell (60 x 60 µm2, 128 x 128 pixels, z-bar 8 kPa).

Figure B.10.: A typical experiment of PANC1-KO cell line elasticity. A) Op-
tical image of a PANC1-KO cell in the field of view of AFM
camera. B) AFM height image of the same cell (60 x 60 µm2,
128 x 128 pixels, z-bar 14µm). C) Elasticity height image of the
same cell (60 x 60 µm2, 128 x 128 pixels, z-bar 8 kPa).
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Figure B.11.: Young’s modulus of elasticity calculated for PANC1-KO (blue)
and PANC1-WT (red) cells lines. Boxes represent the in-
terquartile range; whiskers delimit the 25th and 75th per-
centile range, red crosses represents the outliers values. Final
Young Modulus values: E(PANC1KO) = 3.47± 1.46 kPa and
E(PANC1WT ) = 2.42± 0.56 kPa.

Figure B.12.: Young’s modulus of elasticity calculated for PT45-KO (light
blue) and PT45-WT (pink) cells lines. Boxes represent the
interquartile range; whiskers delimit the 25th and 75th per-
centile range, red crosses represents the outliers values. Fi-
nal Young Modulus values: E(PT45KO) = 1.76± 0.75 kPa and
E(PT45WT ) = 1.69± 0.69 kPa.
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C
α - S Y N S U P P L E M E N TA RY

c.1 dna plasmid maps

Figure C.1.: Map of pcDNA 3.1 vector with the cDNA of α-syn WT.
The cDNA was cloned NheI oriented sense in the direction
with respect to the T7 promoter. In violet the name and
site of the primers for seqeuncing (CMV-forward) and cloning
(pcDNA.ATG + SNCA-SalI, pcDNA.SNCA-noSTOP-XhoI) are
indicated. In bold all the unique restriction sites are underlined.
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Figure C.2.: Map of pRSetA (I27)4-α-syn-(I27)4 vector with SNCA frag-
ment (example with A30P mutant). The T7 promoter, the
SNCA A30P cDNA sequence (green) and the His-tag (6XHis),
necessary for the protein purification, are shown in the pic-
ture. The NheI restriction site used for the mutant SNCA cDNA
cloning is indicated upstream and downstream the sequence. In
bold all the unique restriction sites are underlined.
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c.2 more colony pcr

Figure C.3.: Colony PCR for the screening of SNCA mutants in the
pRSet.A. 1% agarose gel, stained with ethidium bromide. M
= 1kb DNA ladder (0.25 µg); the colour dots indicate the base
pairs relative to every band. C- negative control (template:
empty pRSet.A (I27)8 vector), C+ positive control (template:
pRSet.A (I27)4- SNCA WT-(I27)4), N negative control (tem-
plate: a colony tranformed with the empty vector). A: 1-10

=A30P. B: 1-5 = A53T. For each sample 25 µL of PCR mixture
were loaded.

Figure C.4.: Test digestion for the screening of the α-syn mutant direc-
tion of insertion in pRSet.A. For each sample 200-250 ng of
digested DNA were loaded on 1% agarose gel, stained with
ethidium bromide. M = 1kb DNA ladder (0.25 µg). C- (tem-
plate: a colony tranformed with the empty vector), C+ (tem-
plate: pRSet.A (I27)4-SNCA WT-(I27)4). For all the clones also
the non digested DNA was loaded on the gel: .a = non digested,
.b = digested with BamHI. 1-4 = E83A, 5-8 = E46K.
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D
I D E A L C H A I N S M O D E L S F O R P O LY M E R S

Ideal chains are polymeric chains with no interaction (repulsive or
attractive) among the n monomers by which they are composed and
they follow a typical random walk. Real chains have not a perfect
ideal behaviour, but there are, also in biology, polymeric systems
which are well described by ideal chains-based models.

To describe the behaviour of a chain, we can consider the end to
end distance 〈R〉. If the displacement of monomers has random na-
ture, such as there is nor attraction or repulsion between them, the
mean end to end distance is null 〈R〉 = 0. The first non-trivial mo-
ment of the distribution of end-end distance is the second moment,
so it is necessary to consider the mean squared end-end distance, 〈R2〉
defined as

〈R2〉 =〈R̄n · R̄n〉

=

〈
(

n∑
i=1

r̄i) · (
n∑

j=1

r̄j)

〉

=

n∑
i=1

n∑
j=1

〈r̄i · r̄j〉

= l2
n∑

i=1

n∑
j=1

〈cosϑij〉

(D.1)

where ϑ is the bond angle between two consecutive monomers, l is
the length of each monomer, r̄i is the vector that links two consecutive
monomers and R̄n is the sum of all r̄i of the chain.

This parameter has a different analytic expression, depending of
the assumptions that are made on torsion angles permitted for each
model.

d.1 freely jointed chain model

One of the simplest model for an ideal polymer is the Freely Jointed
Chain (FJC) model, which has a constant bond length l = |ri| and no
correlation is considered between the direction of bond angles and no
assumptions are made for torsional angles. In this case 〈cosϑij〉 = 0

for i 6= j.
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Then, the second moment of R is:

〈R2〉 = nkl
2
k (D.2)

where nk is the number of Kuhn segments and the lk is the Kuhn
length. The analytic expression which describe the end-to-end length
x when an external force F is applied to the polymer is:

x(F) = Lc

[
coth

( Flk
kBT

)
−
kBT

Flk

]
(D.3)

The chain link size (Kuhn length) is lk and the contour length Lc =

nk · lk = n · l.

d.2 freely rotating chain model

In this model, the differences between the probabilities of different
torsion angles is neglected and it is assumed all torsion angles to
be equally probable. Thus, the Freely Rotating Chain (FRC) model
ignores the variation of the potential due to the torsion angle and
assumes all bond lengths and bond angles are constant.

The mean square end to end distance of a FRC can be written in
terms of cosines:

〈R2〉 =
n∑

i=1

n∑
j=1

〈r̄i · r̄j〉 =
n∑

i=1

( i−1∑
j=1

〈r̄i · r̄j〉+ 〈r̄2i 〉+
n∑

j=i+1

〈r̄i · r̄j〉
)

=

n∑
i=1

〈r̄2i 〉+ l
2

n∑
i=1

( i−1∑
j=1

(cosϑ)i−j +

n∑
j=i+1

(cosϑ)j−i
)

= nl2 + l2
n∑

i=1

( i−1∑
k=1

coskϑ+

n−i∑
k=1

coskϑ
)

(D.4)

Considering (cosϑ)|j−i| = exp[−
|j−i|
sp

], the segment of persistence
length of the chain sp6 is

sp = −
1

ln(cosϑ)
(D.5)

The mean square end to end distance is then:

〈R2〉 = nl2 + 2nl2 cosϑ

1− cosϑ
= nl2

1+ cosϑ

1− cosϑ
(D.6)

and the the Flory’s characteristic rapport7 for FRC (C∞) is then

C∞ =
1+ cosϑ

1− cosϑ
(D.7)

6 sp represents the number of bonds which belong to this segment as long as the
persistence length

7 considering C ′i =
∑n

j=1〈cosϑij〉 the value C ′i ≡ C∞ is the theoretical value for an
infinite chain and depends on the stiffness of the polymer
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d.3 worm like chain model

The Worm Like Chain (WLC) model, somewhere also known as
Kratky-Porod model, is a special case of the FRC model for small
values of the bond angle and it is particularly suitable for describing
stiff polymers, such as double strand DNA [292].

The bond angle ϑ between two consecutive monomers is very small
(ϑ � 1) and it is possible to make the following approximations for
cosϑ and ln(cosϑ):

cosϑ ' 1− ϑ
2

2

ln(cosϑ) ' ϑ
2

2

(D.8)

The segment of persistence length of the chain (sp), the Flory’s char-
acteristic rapport for WLC (C∞) and the Kuhn length8 (lk) are:

sp '
2

ϑ2

C∞ ' 4

ϑ2

lk ' l
4

ϑ2
= 2Lp

(D.9)

The 〈R2〉 for 3-dimensional chains is:

〈R2〉 = 2LpRmax

(
1−

Lp

Rmax
(1− e−

Lp
Rmax )

)
(D.10)

The main assumptions and predictions of ideal chains models (FJC,
FRC and WLC) are reported in Tab.D.1.

Models FJC FRC WLC
Bond length (l) Fixed Fixed Fixed
Bond angle (ϑ) Free Fixed Fixed (ϑ→ 0)

Torsion angle (φ) Free Free Free
Next φ independent? Yes Yes Yes

C∞ 1

1+ cosϑ

1− cosϑ
' 4

ϑ2

Table D.1.: Comparison of some ideal chain models. Adapted from [292]

8 lk is the length of each segment on which the chain is divided. At the effective lk
the joints become free
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d.3.1 Stretching a Worm Like Chain polymer

At finite temperatures, the distance between the two ends of the poly-
mer will be significantly shorter than the contour length Lc9. This
is caused by thermal fluctuations, which result in a coiled, random
configuration of the polymer. Upon stretching the polymer, the acces-
sible spectrum of fluctuations reduces, which causes an entropic force
against the external elongation. This entropic force can be estimated
by considering the entropic Hamiltonian:

H = Hentropic+Hexternal =
1

2
kBT

∫LC

0

Lp ·
(∂2r̄(s)
∂s2

)
ds− xF (D.11)

where F is the external force that is applied to the polymer.
The outcome of there calculations can be summarized in an inter-

polation formula [293] of force (F) versus position (x):

F(x) =
kBT

Lp

[1
4

(
1−

x

Lc

)−2
+
x

Lc
−
1

4

]
(D.12)

9 The contour length is indicated as LC in Part ii and L0 in Part 11.1
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E
S T E P F I N D I N G A L G O R I T H M : T E C H N I C A L
C A L I B R AT I O N

e.1 step-finding-algorithm validation

e.1.1 Well defined steps (> 100nm) finding - 1 cycle iteration

In order to confirm that the software implemented in MATLAB based
on [252], an artificial step-like signal is acquired at the same force
used for the condensin mediate DNA collapsing experiments (F =

0.5pN) for a single Nicked DNA of ∼ 6.2kpb.
To obtain a step-like function, the objective-linked piezo was man-

ually displaced vertically in both the directions (up and down) by
steps of 100, 200 and 1000 nm of variable time duration, resulting in
a well known step-like signal (Fig. E.1) with a true thermal noise (of
about σ ∼ 55nm). In this preliminary code the counter fit was rigidly
shifted by 250-500 points.

Figure E.1.: Data trace with best fit (for N=1:50) and the counter fit shift
(shift=250 points)

For the trace shown here (Nbestfit = 12), we obtain a χ2 =

6.37 · 107 which is completely in agrement with the expected value
χ2GoodFit ∼ Nsample · σ2 = 6.50 · 107.

e.1.2 Well defined steps (> 100nm) finding - 2 cycle iterations

For particularly complicated traces, like very long traces and with a
noise comparable to the height of the steps, it has been demonstrated
by Eeftens and colleagues [254] that repeating the algorithm twice
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Figure E.2.: χ2 (left) and S-value and 1st derivative of S-value (right)

Figure E.3.: Final N(step)=12 fit (red line) and the difference between signal
and step-fit, highlighting that there is no missed step

could increase the goodness of the fit. This process was easily imple-
mented into the code, by a adding a second cycle considering as data
the difference between the raw data and the 1st (or Major) fit.

To assess if the fit should converge also in the presence of a 2-step
iteration, we use the same routine as the single cycle algorithm, by
artificially lowing the Nbestfit from 12 to 8 (Fig.E.5). In the real con-
densin:DNA data this second-refining routine was particularly impor-
tant for a S-value signal with multiple peaks.

Step-finding-Algorithm validation: 10 traces

A total of n=10 DNA mixed (TC, Nicked and Torsionally constrained)
traces (simultaneously acquired) are analysed by means of the 1-cycle
and 2-cycled algorithm to validate the code. For the 1-cycle Step-
finding-Algorithm the right number of steps is found 7/10 times, and
the found steps hight are in well agreement with the expected ones
(∆Y = ±100, 500 or 1000nm, Tab.E.1).

For the two iteration cycle FSA, all the traces found at least 12 steps
(the correct N) but some of them (4/10) find additional smaller steps
(∆Y ∼ 20 : 50nm). The steps follows a random distribution and are
correlated with a more noisy experiment (Fig. E.6).
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Figure E.4.: Two iteration fitting routine. Major best fit (N=8), Minor best fit
(N=5). The sum has N=12 and it is not distinguishable from the
one-iteration procedure

Figure E.5.: Comparison between 1 (green line) and 2 iteration (red line).
The fitted N is exactly the same, although there is a slight differ-
ence in the y position of some of the founded steps

Figure E.6.: Resulting steps size for 10 traces by using a single iteration (left,
black) or a double iteration process (center, red). The smaller
steps (namely, between -100 and +100 nm) are more frequent
for the 2-steps cycle algorithm.

e.1.3 Implementation on FSA

A new implementation of the Finding-Steps-Algorithm (FSA) has
been done: basically,the counter fit is built up as a step-like function
with the steps placed exactly in the middle of the steps find with the
best fit.
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Figure E.7.: Left: Raw data (black) and the 1st iteration cycle N1st(step)=5

fit (red line) and the difference between signal and step-fit (blue),
highlighting that there are no steps missing. Right: The (S) Step-
function for the 1st cycle of iteration.

Figure E.8.: Left: number of Nsteps find. Middle: The Step-function for the
1st cycle of iteration for all the 10 beads Left: The step-heigth
values found for the 10 traces.

e.2 step-finding-algorithm-optimized

Well defined steps (> 100nm) finding

In order to confirm that the software gifted by Salapaka et al based
on [253], I analysed the same artificial step-like signal as used in the
previous sections.

With respect to the previous algorithm, two parameters have been
fully analysed: the Likelihood-Ratio (LLR) parameter and the meas-
noise parameter.

While the LLR values are a result of the fitting procedure, the meas-
noise parameter can be initialised and is, basically, an estimation of
the thermal noise of a trace (here, it is always intended in nm).

In this analysis the found LLRs values for all of them are clearly
above the threshold (LLR > 1.5) and no measnoise was initialised.
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Figure E.9.: Top: The 10 DNA traces fitted by Step-Finding-Algorithm-
optimized (SFAO)
Bottom: The ∆Height e of the steps.

Steps found by using the Step-Finding-Algorithm

Real Steps (nm) −1000 −500 −100 100 500

SFA* (1-iter) −942± 60 −457± 35 −83± 27 98± 26 478± 28
SFA* (2-iter) −922± 58 −446± 31 −92± 10 99± 15 479± 26
SFA° (2-iter) −941± 60 −459± 31 −89± 11 94± 9 479± 26

SFAO −941± 60 −458± 35 −94± 12 95± 10 478± 27

Table E.1.: (*)The height of the steps found by Step-Finding-Algorithm for
1(1st line) or 2(2nd line) cycle iterations wih a counter fit shifted
by 250 points. (°)In the third line a 2-iter algorithm with the
counter fit step-like function had the steps placed exactly in
the middle of the steps found in the first iteration. In the last
line are shown the steps found with the Step-Finding-Algorithm-
optimized (SFAO).
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e.3 calibration of the setup :sfao

The intrinsically thermal noise of an experiment is strictly linked to
non-controllable factors (as the temperature or the length of DNA) or
to instrumental-based errors (rigid drifting during time or precision
of the bead-tracking algorithm, as well as the reproducibility of the
data). All of these factors influences the reliability of the steps found
by both SFA and SFAO.

To characterized the intrinsically stability of the instrumental setup,
several trials has been performed in the same condition of the experi-
ments:

• Total DNA tracked: 6.

• Standard Flow Cells, 1 µm beads, DNA G12E, 1mm gap mag-
nets.

• Forces considered: 1pN, 0.5 pN, 0.3 pN.

• Stepsize considered: 100, 50, 30 and 20 nm.

• Algorithm employed: SFAO.

• measnoise considered: free, 30, 50, 100, 200.

These experiments have been performed by me and Dr. Julene
Madriarga-Marcos, based on an implementation of the acquiring soft-
ware done by Maite Arranz.
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Force = 1 pN

Table E.2.: StepSize 100 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −88.7± 23.0 75.4± 30.7 6/6

noise 30 −85.2± 26.5 67.7± 20.3 6/6

noise 50 −84.2± 23.8 70.2± 21.5 6/6

noise 100 −93.5± 15.3 73.45± 15.0 6/6

noise 200 −144.9± 12.5 132.7± 33.0 0/6

Table E.3.: StepSize 50 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −49.2± 14.0 36.0± 12.1 4/4

noise 30 −47.45± 17.1 36.8± 10.4 4/4

noise 50 −58.8± 11.8 41.9± 12.7 4/4

noise 100 −77.57± 10.8 62.4± 13.7 3/4

noise 200 −115.5± 27.0 101.3± 33.5 4/4

Table E.4.: StepSize 30 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −36.6± 9.9 20.8± 9.8 0/6

noise 30 −37.5± 8.8 21.8± 14.5 1/6

noise 50 −40.0± 6.1 28.2± 8.8 0/6

noise 100 −56.9± 11.6 44.1± 9.7 0/6

noise 200 −89.9± 14.2 75.7± 13.9 4/6

Table E.5.: StepSize 20 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −28.48± 9.6 16± 5.4 1/6

noise 30 −29.27± 9.8 14.5± 7.8 1/6

noise 50 −38.0± 8.6 23.4± 7.9 0/6

noise 100 −57.8± 7.0 47.8± 11.5 0/6

noise 200 −88.2± 12.7 81.18± 14.9 2/6

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 15nm.
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Force = 0.5 pN

Table E.6.: StepSize 100 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −86.2± 24.2 65.7± 8.2 3/3

noise 30 −75.6± 17.5 62.4± 10.4 3/3

noise 50 −86.7± 20.0 73.2± 21.1 3/3

noise 100 −91.6± 9.5 97.5± 12.8 3/3

noise 200 −160.6± 29.7 151± 54.9 0/3

Table E.7.: StepSize 50 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −62.5± 26.3 45.8± 15.7 4/6

noise 30 −78.2± 16.9 68.9± 28.1 6/6

noise 50 −57.6± 19.7 45.2± 15.3 4/6

noise 100 −77.38± 26.9 60.6± 14.4 0/6

noise 200 −126.8± 11.5 108± 13.7 0/6

Table E.8.: StepSize 30 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −68.3± 34.3 52.6± 36.7 4/6

noise 30 −105.6± 7.1 70.7± 12.2 6/6

noise 50 −73.6± 38.0 65.6± 41.9 4/6

noise 100 −68.4± 8.9 53.9± 12.6 0/6

noise 200 −118.7± 40.7 97.4± 25.1 0/6

Table E.9.: StepSize 20 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −68.9± 54.5 – 4/6

noise 30 −86.1± 128.1 73.4± 23.2 6/6

noise 50 −74.7± 49 66.3± 44.7 4/6

noise 100 −60.23± 11.7 48.07± 14.4 0/6

noise 200 −97.7± 13.1 81.5± 13.5 0/6

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 15 nm.
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Force = 0.3 pN

Table E.10.: StepSize 100 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −118.9± 51.6 97.6± 25.7 3/3

noise 30 −114.3± 15.8 95.9± 17.3 3/3

noise 50 −100.3± 9.7 104.2± 14.3 3/3

noise 100 −118.0± 27.0 88.16± 10.0 3/3

noise 200 −172.8± 36.4 133± 21.2 2/3

Table E.11.: StepSize 50 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −104± 29.0 100.6± 50.4 3/3

noise 30 −112.4± 27.8 97.8± 15.8 3/3

noise 50 −108.9± 10.8 79.8± 8.9 3/3

noise 100 −89.9± 13.9 82.8± 10.5 2/3

noise 200 −134± 7.0 107.8± 12.3 0/3

Table E.12.: StepSize 30 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −100.4± 33.4 109.3± 7.3 3/3

noise 30 −107.9± 25.23 95.1± 37.0 3/3

noise 50 −114.2± 25.2 95.4± 12.7 3/3

noise 100 −79.6± 27.1 66.9± 20.4 1/3

noise 200 −121± 7.0 91.6± 15.5 0/3

Table E.13.: StepSize 20 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −109.5± 51.3 94.3± 41.6 3/3

noise 30 −98.3± 26.9 101.8± 35.0 3/3

noise 50 −117.6± 42.8 110.2± 6.8 3/3

noise 100 −97.85± 32.8 50.28± 10.97 1/3

noise 200 −101.8± 14.6 94.0± 45.34 0/3

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 15 nm.
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Figure E.10.: Representative trace of a DNA at different StepSize (Force 1pN)
and their step trace calculated by means of SFAO (measnoise
200, 100, 50, 30, free). Length in x 4000 points/33 s.
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Figure E.11.: Representative trace of a DNA at Different Forces (StepSize
= 100nm) and their step trace calculated by means of SFAO
(measnoise 200, 100, 50, 30, free). Length in x 4000 points/33 s.
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Figure E.12.: Representative trace of a DNA at F=1pN(StepSize = 50nm) and
their step trace calculated by means of SFAO (measnoise 200,
100, 50, 30, free). Length in x ∼ 21 min (Top), ∼ 90 s (Middle)
and 33 s (Bottom).
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Force = 1 pN - Short trace vs Long Trace

Table E.14.: SHORT TRACE StepSize 50 nm - Total Time ∼ 3 min
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −47.9± 14.3 38.4± 14.3 4/4

noise 30 −48.6± 14.8 38.9± 7.3 4/4

noise 50 −55.7± 6.5 44.6± 10.3 4/4

noise 100 −78.1± 6.1 64.9± 7.1 3/4

noise 200 −114.9± 34.6 104.4± 32.7 4/4

Table E.15.: LONG TRACE: StepSize 50 nm - Total Time ∼ 22 min
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −48.9± 7.2 39.8± 7.2 3/3

noise 30 −48.7± 8.3 38.4± 10.8 3/3

noise 50 −49.7± 7.6 42.6± 8.8 3/3

noise 100 −70.8± 39.4 56.8± 7.6 3/3

noise 200 −89.9± 46.5 95.0± 56.1 3/3

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10 nm.
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SMOOTH 10 Force = 1 pN

Table E.16.: StepSize 100 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −62.4± 35.5 48.9± 40.2 6/6

noise 30 −82.10± 25.2 69.1± 22.6 6/6

noise 50 −85.2± 23.5 70.2± 13.0 6/6

noise 100 −85.9± 25.0 68.6± 9.2 6/6

noise 200 −78.6± 10.1 65.5± 6.2 0/6

Table E.17.: StepSize 50 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −37.3± 17.0 19.4.0± 19.9 4/4

noise 30 −49.7± 14.9 35.8± 11.4 4/4

noise 50 −53.0± 12.1 37.5± 11.2 4/4

noise 100 −56.2± 8.2 39.0± 10.3 4/4

noise 200 −56.2± 6.7 39.2± 9.9 4/4

Table E.18.: StepSize 30 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −33.9± 10.6 20.6± 12.4 6/6

noise 30 −35.1± 9.7 19.4± 10.2 6/6

noise 50 −41.4± 9.0 27.6± 8.4 6/6

noise 100 −48.6± 12.9 30.3± 8.8 3/6

noise 200 −45.9± 20.0 32.3± 10.7 4/6

Table E.19.: StepSize 20 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −28.26± 9.7 15.3± 5.2 6/6

noise 30 −28.6± 6.2 14.0± 8.7 6/6

noise 50 −39.8± 6.0 27.3± 8.3 4/6

noise 100 −44.1± 10.2 27.4± 7.8 3/6

noise 200 −46.1± 12.6 30.3± 6.4 1/6

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 15 nm.
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SMOOTH 10 Force = 0.5 pN

Table E.20.: StepSize 100 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −53.6± 8.4 40.9± 11.7 3/3

noise 30 −65.8± 25.5 56.1± 18.2 3/3

noise 50 −83.5± 21.1 72.3± 16.2 3/3

noise 100 −84.5± 9.4 71.8± 14.6 3/3

noise 200 −89.4± 22.6 80.6± 21.5 3/3

Table E.21.: StepSize 50 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −55.7± 16.0 38.1± 23.4 6/6

noise 30 −57.0± 15.1 41.8± 13.1 6/6

noise 50 −55.8± 14.6 42.1± 14.1 6/6

noise 100 −76.4± 16.9 61.6± 13.3 3/6

noise 200 −81.6± 24.3 73.1± 21.4 1/6

Table E.22.: StepSize 30 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −48.9± 10.0 39.7± 15.2 6/6

noise 30 −54.7± 17.5 43.1± 24.1 6/6

noise 50 −53.5± 8.4 35.0± 14.5 6/6

noise 100 −74.2± 22.3 44.1± 9.9 2/6

noise 200 −85.2± 9.4 73.1± 11.2 0/6

Table E.23.: StepSize 20 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −49.3± 13.8 28.9± 11.7 6/6

noise 30 −51.2± 16.7 44.4± 18.7 6/6

noise 50 −51.0± 12.3 37.3± 17.0 6/6

noise 100 −67.4± 10.4 43.0± 10.5 0/6

noise 200 −83.3± 11.8 45.6± 11.1 0/6

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 15 nm.
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SMOOTH 10 Force = 0.3 pN

Table E.24.: StepSize 100 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −64.9± 10.2 59.5± 13.6 3/3

noise 30 −73.9± 17.5 59.0± 19.1 3/3

noise 50 −95.2± 33.9 72.7± 26.5 3/3

noise 100 −110.5± 18.1 86.4± 13.6 3/3

noise 200 −160.4± 7.2 93.5± 14.2 3/3

Table E.25.: StepSize 50 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −67.1± 9.9 57.7± 24.9 3/3

noise 30 −76.0± 10.4 61.8± 20.1 3/3

noise 50 −77.7± 11.1 72.7± 30.3 3/3

noise 100 −94.6± 23.8 79.8± 13.2 3/3

noise 200 −130.2± 6.9 94.4± 20.7 2/3

Table E.26.: StepSize 30 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −69.1± 7.1 49.0± 6.8 3/3

noise 30 −63.1± 7.1 53.3± 11.7 3/3

noise 50 −95.3± 9.9 83.3± 5.6 3/3

noise 100 −76.2± 25.9 62.0± 7.2 3/3

noise 200 −109± 43.5 77.4± 7.2 1/3

Table E.27.: StepSize 20 nm
Negative peak (nm) Positive Peak (nm) Traces LLR ok

free noise −63.1± 21.5 46.8± 13.6 3/3

noise 30 −74.7± 11.1 53.1± 11.3 3/3

noise 50 −117.6± 42.8 110.2± 6.8 3/3

noise 100 −85.9± 16.7 48.76± 10.6 1/3

noise 200 −90.3± 6.7 86.3± 27.8 1/3

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 15nm.
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e.4 different focal positions

In a typical MT experiment, the height of a DNA molecule is derived
from the x-y position of its tethered bead during time. Prior to each
experiment, a Look-Up-Table is acquired for each bead, spanning ∼

4µm for a typical 2µm-long DNA. To assess the contribution of the
different focal positions of the beads, a experimental session similar
to the one reported in the previous section has been done.

• Total DNA tracked: 4

• Standard Flow Cells, 1 µm beads, DNA G12E, 1mm gap mag-
nets.

• 3 different focal positions: f1 (∼ 5µm from fully focused bead),f2
(∼ 6µm)and f3 (∼ 7µm).

• Forces considered: 1pN, 0.5 pN, 0.3 pN.

• Stepsize considered: 100, 50 and 30 nm.

• Algorithm employed: SFAO.

• measnoise considered: free, 30, 50, 100.

• measnoise considered (for data smoothed by a 10-points-
gaussian-filter): free, 30, 50, 100.
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Force = 1 pN

Table E.28.: StepSize 100 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −105.5± 13.1 89.8± 10.5 3/3 414

free f2 −87.9± 46.6 91.4± 40.0 4/4 1226

f3 −99.3± 32.3 81.4± 15.9 4/4 1132

f1 −91.3± 39.6 88.8± 13.7 3/3 579

30 f2 −85.4± 46.7 107.8± 4.2 4/4 1785

f3 −85.1± 37.1 98.1± 4.0 4/4 1831

f1 −103.7± 7.2 93.4pm5.1 3/3 356

50 f2 −102.1± 16.0 94.5± 32.8 4/4 1053

f3 −100.4± 34.6 87.1± 5.4 4/4 1124

f1 −105.1± 4.4 90.0± 2.9 3/3 358

100 f2 −97.7± 12.8 83.5± 4.4 4/4 541

f3 −95.6± 4.8 80.0± 3.2 4/4 421

Table E.29.: StepSize 50 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −56.4± 5.2 47.5± 5.4 3/3 510

noise f2 −57.5± 15.3 43.2± 8.7 4/4 1203

f3 −51.6± 10.2 59.5± 45.1 4/4 1121

f1 −56.7± 6.9 47.5± 7.3 3/3 598

30 f2 −55.7± 8.2 47.1± 6.6 4/4 1539

f3 −71.9± 37.5 65.1± 34.2 4/4 1573

f1 −60.8± 5.8 49.3± 6.9 3/3 439

50 f2 −53.2± 7.6 41.1± 10.1 4/4 700

f3 −53.6± 7.5 41.6± 10.0 4/4 823

f1 −33.6± 6.4 26.7± 7.0 0/3 20

100 f2 −30± 8.45 40.0± 3.3 0/4 17

f3 −22.6± 5.5 64.1± 5.1 1/4 16

Table E.30.: StepSize 30 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −36.4± 4.6 28.1± 6.5 1/3 514

free f2 −41.2± 12.8 31.4± 17.8 3/4 890

f3 −36.8± 13.5 41.6± 35.1 2/4 887

f1 −36.8± 7.7 28.3± 8.7 1/3 528

30 f2 −75.0± 53.5 50.2± 67.5 3/4 1281

f3 −80± 4.2 33.1± 20.9 2/4 1133

f1 −30.4± 7.0 19.4± 16.3 1/3 55

50 f2 −88.6± 6.5 37.4± 8.3 1/4 422

f3 −50.9± 36.1 47.4± 8.7 1/4 222

f1 −31.4± 8.9 −− 0/3 8

100 f2 −− −− 1/4 47

f3 −25.3± 9.7 35± 4.2 0/4 15

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10nm.
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Force = 0.5 pN

Table E.31.: StepSize 100 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −101.2± 22.4 90.3± 3.3 1/1 254

free f2 −88.2± 6.8 88.7± 6.0 3/3 1011

f3 −97.4± 22.2 85.2± 36.6 3/3 982

f1 −110.0± 2.6 100.2± 3.2 1/1 1150

30 f2 −101.9± 7.5 90.9± 29.2 3/3 3329

f3 −94.6± 25.9 66.3± 5.2 3/3 3022

f1 −90.0± 3.4 101.4± 40.1 1/1 364

50 f2 −107.9± 32.3 93.8± 4.8 3/3 1565

f3 −97.2± 5.2 72.1± 7.3 3/3 948

f1 −100.0± 2.4 90.0± 3.1 1/1 108

100 f2 −119.5± 15.2 107.7± 4.2 3/3 353

f3 −107.0± 20.9 89.6± 31.0 3/3 345

Table E.32.: StepSize 50 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −92.8± 34.8 78.0± 41.9 3/3 691

free f2 −74.1± 15.4 46.6± 4.7 3/3 992

f3 −82.1± 37.1 87.5± 4.3 3/3 954

f1 −87.4± 4.8 85.7± 34.6 3/3 2572

30 f2 −87.7± 26.6 73.6± 34.1 3/3 2856

f3 −90.3± 32.1 84.7± 5.7 3/3 2908

f1 −101.6± 33.3 86.2± 32.6 3/3 1348

50 f2 −79.2± 23.5 100.0± 3.4 3/3 796

f3 −81.7± 40.1 65.6± 40.1 3/3 951

f1 −67.3± 7.6 64.5± 8.7 1/3 129

100 f2 −50.0± 3.2 57.3± 4.6 1/3 31

f3 −50.0± 6.8 61.2± 8.3 1/3 39

Table E.33.: StepSize 30 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −92.4± 41.4 83.0± 4.6 3/3 838

free f2 −68.8± 10.2 76.8± 13.6 3/3 840

f3 −73.0± 29.6 68.3± 34.3 3/3 807

f1 −93.6± 15.6 88.3± 3.3 3/3 3122

30 f2 −96.6± 39.3 80.9± 22.9 3/3 3109

f3 −77.7± 7.0 73.5± 33.0 3/3 2796

f1 −86.3± 9.9 103.8± 83.3 3/3 1269

50 f2 −76.7± 4.2 100.0± 3.2 3/3 1186

f3 −73.2± 29.0 61.7± 27.9 3/3 677

f1 −40.0± 3.2 40.0± 3.4 1/3 14

100 f2 −− −− 1/3 37

f3 −26.5± 4.5 20.0± 3.2 0/3 18

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10nm.
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Force = 0.3 pN

Table E.34.: StepSize 100 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −124.4± 4.7 150± 3.1 3/3 1673

free f2 −145.3± 5.0 121.8± 35.0 3/3 1713

f3 −113.9± 29.2 107.5± 40.8 3/3 1568

f1 −128.3± 31.0 128.1± 40.2 3/3 3680

30 f2 −115.6± 5.8 115± 5.4 3/3 3724

f3 −96.4± 18.7 103.6± 4.9 3/3 3639

f1 −134.5± 34.7 127.8± 47.9 3/3 3485

50 f2 −119.4± 18.2 114.6± 5.5 3/3 3223

f3 −106.8± 8.1 94.89± 11.5 3/3 2699

f1 −136.2± 38.9 135.9± 4.9 3/3 721

100 f2 −108.3± 15.7 123.9± 14.2 3/3 547

f3 −103.4± 4.9 109.1± 32.3 3/3 463

Table E.35.: StepSize 50 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −121.1± 12.0 133.8± 33.9 3/3 1302

free f2 −142.9± 4.5 104.9± 20.1 3/3 1202

f3 −128.8± 3.7 104.8± 33.2 3/3 1745

f1 −124.5± 39.3 110.3± 3.9 3/3 3082

30 f2 −131.1± 29.6 107.8± 23.3 3/3 3019

f3 −110.3± 20.0 100.7± 8.3 3/3 3858

f1 −110.6± 15.0 128.7± 3.4 3/3 2791

50 f2 −123.3± 50.2 98.8± 6.9 3/3 2636

f3 −124.3± 5.4 94.0± 10.0 3/3 2763

f1 −94.0± 7.2 118.4± 47.3 3/3 463

100 f2 −105.5± 9.2 96.0± 51.5 3/3 333

f3 −103.9± 47.1 89.0± 35.6 3/3 273

Table E.36.: StepSize 30 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −137.6± 14.2 114.4± 4.9 3/3 1502

free f2 −125.1± 5.0 114.3± 31.2 3/3 1448

f3 −114.8± 11.1 104.9± 33.7 3/3 1529

f1 −114.3± 10.9 112.3± 8.7 3/3 3395

30 f2 −103.6± 12.5 114.3± 39.5 3/3 3472

f3 −109.0± 26.9 101.1± 14.8 3/3 3678

f1 −128.2± 15.8 116.5± 5.0 3/3 3166

50 f2 −127.8± 29.7 115.2± 40.6 3/3 2711

f3 −118.1± 23.5 98.6± 16.8 3/3 2606

f1 −126.6± 50.3 125.6± 51.0 3/3 395

100 f2 −123.4± 60.8 103.3± 25.0 3/3 259

f3 −101.8± 47.1 93.1± 20.3 3/3 170

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10nm.
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SMOOTH 10 Force = 1 pN

Table E.37.: StepSize 100 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −41.3± 20.2 30.4± 15.4 3/3 1655

free f2 −38.9± 27.9 20.7± 9.4 4/4 3433

f3 −35.5± 14.1 27.5± 13.3 4/4 3185

f1 −100.6± 7.0 93.0pm3.9 3/3 359

50 f2 −92.9± 6.5 83.7± 6.2 4/4 756

f3 −87.0± 6.8 78.0± 18.2 4/4 838

f1 −100.0± 2.8 93.3± 4.1 3/3 362

100 f2 −94.2± 9.6 83.6± 4.8 4/4 537

f3 −89.1± 11.5 78.5± 9.9 4/4 551

Table E.38.: StepSize 50 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −33.1± 14.4 21.6pm9.0 3/3 1654

50 f2 −22.7± 5.4 18.2± 6.4 4/4 3823

f3 −31.9± 20.7 19.5± 11.3 4/4 2952

f1 −53.5± 7.2 46.3± 8.1 3/3 437

50 f2 −53.0± 5.5 37.2± 4.2 4/4 606

f3 −49.7± 14.4 39.1± 10.6 4/4 646

f1 −54.5± 4.5 45.0± 7.9 3/3 370

100 f2 −56.4± 10.45 47.1± 4.2 4/4 363

f3 −45.1± 6.3 37.3± 7.3 4/4 299

Table E.39.: StepSize 30 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −29.3± 13.0 18.8± 9.6 3/3 1749

free f2 −25.5± 10.8 13.7± 6.8 4/4 3350

f3 −23.5± 7.8 21.5± 10.9 4/4 2708

f1 −23.4± 5.5 17.2± 5.2 2/3 56

50 f2 −35.0± 26.7 40.3± 37.7 3/4 267

f3 −38.7± 7.1 25.9± 4.9 3/4 152

f1 −30.0± 6.7 13.8± 4.7 1/3 15

100 f2 −− −− 1/4 35

f3 −24.8± 13.1 30.0± 11.6 0/4 24

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10nm.
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SMOOTH 10 Force = 0.5 pN

Table E.40.: StepSize 100 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −63.98± 4.8 51.0± 19.9 1/1 808

free f2 −58.4± 10.5 52.4± 20.2 3/3 2739

f3 −53.1± 16.9 44.0± 19.5 3/3 2649

f1 −110.0± 3.3 84.0± 9.8 1/1 151

50 f2 −92.4± 46.2 83.3± 28.5 3/3 560

f3 −95.0± 4.7 62.4± 6.1 3/3 481

f1 −110.0± 3.0 100.0± 2.3 1/1 107

100 f2 −117.8± 10.7 103.1± 6.7 3/3 347

f3 −90.1± 24.1 78.8± 19.2 3/3 355

Table E.41.: StepSize 50 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −62.2± 22.1 52.1± 17.2 3/3 2076

free f2 −47.5± 4.2 37.8± 17.0 3/3 2598

f3 −62.0± 5.9 37.7± 9.7 3/3 2246

f1 −73.9± 31.7 64.7± 14.4 3/3 583

50 f2 −53.9± 8.5 51.5± 19.2 3/3 390

f3 −56.5± 7.1 42.7± 8.0 3/3 445

f1 −86.8± 4.5 70.0± 3.2 3/3 71

100 f2 −47.2± 4.3 45.5± 4.5 2/3 34

f3 −46.9± 5.7 60.0± 3.3 1/3 48

Table E.42.: StepSize 30 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −59.2± 9.1 42.1± 9.2 3/3 2249

free f2 −56.8± 8.9 47.8± 6.5 3/3 2263

f3 −51.3± 6.1 37.8± 8.3 3/3 1998

f1 −55.8± 24.8 44.3± 9.2 3/3 447

50 f2 −59.3± 31.2 52.3± 33.1 3/3 425

f3 −46.7± 5.4 46.7± 6.1 3/3 259

f1 −21.5± 66.2 50.1± 0.6 1/3 24

100 f2 −60.0± 3.2 50.0± 3.1 2/3 57

f3 −34.5± 3.8 56.3± 4.9 2/3 24

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10nm.
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SMOOTH 10 Force = 0.3 pN

Table E.43.: StepSize 100 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −87.4± 28.1 79.4± 14.7 3/3 2784

free f2 −82.3± 22.1 60.5± 15.5 3/3 2789

f3 −81.5± 16.8 72.5± 24.6 3/3 2797

f1 −100.4± 12.9 83.1± 15.8 3/3 1921

50 f2 −92.4± 31.3 85.5± 31.3 3/3 1614

f3 −96.2± 17.3 80.8± 34.9 3/3 1374

f1 −122.7± 4.1 115.5± 5.0 3/3 483

100 f2 −120.0± 4.7 120.0± 3.0 3/3 429

f3 −95.4± 4.9 90.0± 3.1 3/3 374

Table E.44.: StepSize 50 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −78.7± 3.5 73.6± 21.2 3/3 2532

free f2 −83.3± 6.9 68.8± 25.9 3/3 2658

f3 −78.3± 19.1 59.9± 14.6 3/3 2702

f1 −78.9± 3.6 89.8± 15.0 3/3 1606

50 f2 −86.6± 6.8 78.2± 6.8 3/3 1436

f3 −89.7± 21.3 80.6± 24.8 3/3 1284

f1 −97.5± 42.8 96.6± 4.6 3/3 262

100 f2 −105.4± 4.9 60.0± 2.8 3/3 157

f3 −74.1± 4.9 70.5± 7.0 3/3 181

Table E.45.: StepSize 30 nm
Noise Focal Negative peak Positive Peak Traces No

Code distance (nm) (nm) LLR ok steps

f1 −86.9± 22.5 64.1± 7.6 3/3 2624

free f2 −80.3± 11.4 69.7± 24.9 3/3 2573

f3 −77.7± 9.0 63.3pm7.9 3/3 2458

f1 −80.0± 3.4 80.0± 2.8 3/3 1666

50 f2 −88.6± 21.9 95.1± 10.4 3/3 1368

f3 −100.0± 3.4 77.3± 29.0 3/3 1241

f1 −86.3± 5.1 75.0± 4.6 3/3 165

100 f2 −90.6± 11.0 93.1± 4.5 3/3 142

f3 −98.5± 26.6 76.7± 4.5 3/3 115

Double Gaussian Fit. Steps found by SFAO, 10 iterations. Histograms [-
200:200] nm, bin 10nm.
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Figure E.13.: Representative trace of a Control DNA in Up and Down experi-
ment , Force 1 pN. Steps found by SFAO for Raw data (Right)
with a measnoise = [free, 30, 50, 100] and for Smooth by 10,
gaussian data (Left). with a measnoise = [free, 50, 100]. x-bar
legth ∼ 17s
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Figure E.14.: Representative trace of a Control DNA in Up and Down experi-
ment , Force 0.5 pN. Steps found by SFAO for Raw data (Right)
with a measnoise = [free, 30, 50, 100] and for Smooth by 10,
gaussian data (Left). with a measnoise = [free, 50, 100]. x-bar
legth ∼ 17s
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e.5 mixed steps :sfa vs sfao

The MT traces could be formed by steps of different height, for this
reason a artificial step-like trace has been acquired with steps from
100 to 20 nm, with different time length:

• Total DNA tracked: 6.

• Standard Flow Cells, 1 µm beads, DNA G12E, 1mm gap mag-
nets.

• Forces considered: 0.5 pN.

• Stepsize considered: 100, 50, 30, 20 and 10 nm.

• Algorithm employed: SFAO (measnoise 100 and 200) and SFA
(2-iter).

e.5.1 SFA

Figure E.15.: Top. Two example of data fitted by SFA for raw data (right)
and data smooth by 10 (left). Bottom. The ∆ height histograms
for the 10 curves.
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Figure E.16.: Top. The ∆ height histograms for the 10 curves processed by
the SFA for 2-iterations cycle (Right) and 1-iteration cycle (Left).
Data are smooth by 10. Bottom. Single histograms taken from
the Top-Right graph.
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e.5.2 SFAO

measnoise: 100 vs 200

Figure E.17.: Two beads with their step-fit. In green the reference trace.

Figure E.18.: Ten step-fit for the ten traces for the different step-size. Data
obtained divided the curves to have 3/4 consecutive steps of
the same height.
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Figure E.19.: The 20-nm-steps-fits for the traces (in gray the reference bead).
The algorithm detected less steps than expected.

Figure E.20.: Histograms output meansnoise 200 (left) and meansnoise 100

(right) vs the real input steps (black).[10 curves, ∼ 50 nm sigma
noise, F = 0.5pN]

Figure E.21.: Histograms output meansnoise 200 (black) and meansnoise 100

(pink) vs the real input steps (blue). Histos bin 2 nm (Left) and
4 nm (Right). [10 curves, ∼ 50 nm sigma noise, F = 0.5pN]
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Real Input Steps
100 nm 50 nm 30 nm 20 nm 10 nm

SFAO° 98.94± 18.10 43.10± 5.12 31.81± 6.42 22.37± 4.38 20.54± 5.08
SFAO* 94.11± 9.34 51.52± 10.53 44.01± 13.86 17.78± 14.37 NaN

SFA 76.6± 64.3 −2.6± 51.1 −3.4± 52.5 −1.3± 52.9 −0.3± 53.8

Table E.46.: The ∆Height of the output steps vs the real input values for
a 3/4 consecutive steps of the same height found by means of
both SFA (° measnoise 100,* measnoise 200) and SFAO (smooth 10,
2-iterations) algorithms. For the noise 200 no steps of 10-nm-
height have been detected.

# Input Steps detected
100 nm 50 nm 30 nm 20 nm 10 nm

3 2 4 3 3

SFAO 100 3 2 3.1 2.1 0.5
SFAO 200 3 1.2 2.1 1.9 0

SFA smooth10 3.4 35.9 34.2 41.9 33.4

Table E.47.: The number of the output steps detected by the SFAO and SFA
algorithm. For the noise 200 no steps of 10-nm-height have been
detected.
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e.6 final control : experimental conditions , sfa final

algorithm

The extensive analysis of the previously reported instrumental con-
ditions led us to choose the SFA algorithm as the most reliable for
obtaining the step size of condensin mediate DNA collapsing. The fi-
nal control experiment was performed as usual, by manually adding
the fake artificial step to the data, by moving the piezo up and down.

• Total DNA tracked: 11

• Standard Flow Cells, 1 µm beads, DNA G12E, 1mm gap mag-
nets.

• 3 different focal positions: f1 (∼ 5µm from fully focused bead),f2
(∼ 6µm)and f3 (∼ 7µm).

• Forces considered: 1pN and 0.5 pN.

• Stepsize considered: 100, 50 and 30 nm.

• Algorithm employed: SFA, 2-iteration process.

• Smoothing: 10-points-gaussian-filter.

Final Control

Table E.48.: Force 1 pN - SFA - Smooth 10, 2-iterations cycle
StepSize Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

100 −79.1± 54.2 77.9± 28.1 11 2072(188)
50 −46.7± 20.7 36.7± 19.8 11 2143(195)
30 −32.9± 13.3 22.4± 12.8 11 2089(190)

Table E.49.: Force 0.5 pN - SFA - Smooth 10, 2-iterations cycle
StepSize Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

100 −72.2± 41.0 62.7± 39.0 7 1340(191)
50 −61.9± 28.9 50.6± 27.6 9 1474(164)
30 −55.62± 29.8 44.0± 27.4 9 1154(128)

Table E.50.: Values of the steps found by means of SFA (smooth 10, 2-iter)
by grouping all the three different focal positions.
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Figure E.22.: Step-Size distributions of piezo-controlled steps (up and
Down) calculated by means of SFA (smooth10, 2-iteration cy-
cle). StepSize 100 (Light Blue), 50 (Orange) and 30(pink)nm.
Top: Force = 1pN, Bottom: Force = 0.5pN
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Final Control and Focal Position contribution

Force 1 pN - SFA Code - Smooth 10, 2-iterations cycle
StepSize Focal Negative peak Positive Peak Traces N

(nm) Distance (nm) (nm) steps

f1 −101.7± 11.5 89.1± 10.2 3 538(179)
100 f2 −89.2± 24.9 77.7± 23.7 4 756(189)

f3 −84.6± 21.8 70.4± 30.0 4 778(195)
StepSize Focal Negative peak Positive Peak Traces N

(nm) Distance (nm) (nm) steps

f1 −51.2± 18.6 40.2± 20.3 3 585(195)
50 f2 −48.3± 19.3 37.7± 18.8 4 786(197)

f3 −42.2± 17.8 33.4± 16.2 4 772(193)
StepSize Focal Negative peak Positive Peak Traces N

(nm) Distance (nm) (nm) steps

f1 −32.8± 12.7 22.7± 12.2 3 581(194)
30 f2 −33.1± 14.2 22.7± 14.0 4 755(189)

f3 −33.0± 13.3 22.40± 12.0 4 753(188)

Force 0.5 pN - SFA - Smooth 10, 2-iterations cycle
StepSize Focal Negative peak Positive Peak Traces N

(nm) Distance (nm) (nm) steps

f1 −52.1± 24.4 43.9± 22.2 1 193(193)
100 f2 −70.3± 39.7 61.1± 37.2 3 578(193)

f3 −82.7± 37.6 72.8± 37.5 3 569(190)
StepSize Focal Negative peak Positive Peak Traces N

(nm) Distance (nm) (nm) steps

f1 −65.7± 31.25 57.8± 31.3 3 569(190)
50 f2 −60.7± 25.7 48.0± 24.4 3 351(117)

f3 −59.2± 29.4 46.3± 24.4 3 554(185)
StepSize Focal Negative peak Positive Peak Traces N

(nm) Distance (nm) (nm) steps

f1 −58.2± 28.8 48.6± 25.9 3 575(192)
30 f2 −60.4± 32.5 46.1± 31.1 3 567(189)

f3 −52.9± 27.0 42.9± 25.4 3 587(196)

Table E.51.: Values of the steps found by means of SFA (smooth 10, 2-iter)
dividing the different focal contributions.
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e.7 final control : maximum precision, sfa final algo-
rithm

Finally, a routine experiment has been performed at high force (F =
4 pN). which is barely near the maximum force which can be exer-
cised on a 2µm long DNA with and commercial 1µm paramagnetic
beads in the setup (see Sec. 13.4). The final control experiment was
performed as usual, by manually adding the fake artificial step to the
data, by moving the piezo up and down.

• Total DNA tracked: 15

• Standard Flow Cells, 1 µm beads, DNA G12E, 1mm gap mag-
nets.

• Forces considered:4 pN.

• Stepsize considered: 100, 50 and 30 nm.

• Algorithm employed: SFA, 2-iteration process.

• Smoothing: 10-points-gaussian-filter.

Final Control: maximum precision

Table E.52.: Force 4 pN - SFA - Smooth 10, 2-iterations cycle
StepSize Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

100 −48.8± 28.6 37.8± 22.4 15 2330(155)
50 −32.06± 17.0 22.3± 14.1 15 1426(95)
30 −24.3± 11.3 17.2± 17.3 15 1423(95)

Table E.53.: Force 4 pN - SFA - NO Smooth, 2-iterations cycle
StepSize Negative peak Positive Peak Traces N

(nm) (nm) (nm) steps

100 −92.1± 56.7 78.5± 54.5 15 1354(90)
50 −47.1± 25.3 39.4± 26.3 15 1424(95)
30 −35.9± 18.4 27.2± 21.7 15 1547(103)
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Figure E.23.: Representative Traces for fast-piezo-controlled experiments
steps (up and Down calculated by means of SFA 2-iteration
cycle). StepSize 100 (Light Blue), 50 (Orange) and 30(pink)nm.
Top: No smooth, Middle: 10-pts gaussian smooth, Bottom: no
smooth vs 10-pnts-smooth.
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Figure E.24.: Step-Size distributions of piezo-controlled steps (up and
Down) calculated by means of SFA (2-iteration cycle). Step-
Size 100 (Light Blue), 50 (Orange) and 30(pink)nm. Top: No
smooth, Bottom: 10-pts gaussian smooth.
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e.8 other dna-proteins interactions : pars

The SFAO algorithm had been tested also on different pro-
tein:mediated collapsed, in particular parB protein [43, 294]. Data
were obtained by Dr. Cesar Lopez-Pastrana and partially published
in [294].

Figure E.25.: ∆Height steps for DNA condensation by ParB obtained by
means of the SFAO (Blue, Measnoise=100 and Red, Meas-
noise=200). In the legend are reported the means±std obtained
for a single (parS) Gaussian fit (StepSize=50nm).
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Figure E.26.: Representative traces of parB protein collapsing DNA
(pET28:parS) and StepSize found by means of SFAO (N traces
= 36, binning = 20 nm, LLR values [0.2506:13.3564]).

286



Figure E.27.: Representative traces of parB protein collapsing DNA (scram-
bled:parS) and StepSize found by means of SFAO (N traces =
36, binning = 20 nm, LLR values [0.2506 : 13.3564]).
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F
λ/ 2 D N A : C O N D E N S I N I N T E R A C T I O N S

f.1 condensin 30nm - 8.6µm-long λ/2 dna

The two SFA and SFAO software were applied also to data of λ/2

DNA condensation in the presence of 30 nM of condensin. All the
data showed here were obtained by Dr. Silvia Hormeño-Torres with
a protocol very similar to the one described in Chapter14 (with con-
densin 30 nM, ATP 1mM, force F=0.75 pN, fitted traces in Fig.F.2).
With respect to the data presented in the main part, these results
could be directly compared to the one previously published [254] be-
cause the λ/2 DNA has a length (∼ 8.6µm) very similar to the one
employed by Dekker and colleagues (∼ 6.5µm).

Figure F.1.: ∆Height steps for DNA condensation by Condensin obtained by
means of the SFA (light blue) and by SFAO (purple). For com-
parison purpose, the step-size histogram published by Dekker
in [254] is reported.

Table F.1.: Force 0.75 pN
Algorithm measnoise(nm) Negative peak(nm) Positive Peak(nm)

SFAO 100 −104± 42 78± 43
SFAO 200 −153± 69 104± 68
SFA 2-iter, smooth10 −114.6± 70.5 94.85± 70.96

Table F.2.: StepSize for a double gaussian fit for λ/2DNA:condensin interac-
tions for SFAO (measnoise 100 and measnoise 200) and SFA(2-iter,
smooth-10).

289



Figure F.2.: Representative curve of DNA:condensin interaction and step-
fit by SFAO (measnoise 200). DNA λ/2, 30nM condensin,
F=0.75pN.
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G
F L O W S T R E T C H I N G : A D D I T I O N A L D ATA

g.1 boundary exchange : constrained and free fit

Figure G.1.: Normalized fluorescence vs time at different flow rates Q for
(Left) 1 mm wide - 1 layer and (Right) 1 mm wide - 2 layer.
Data were independently fitted to Taylor-Aris formula.

Figure G.2.: Normalized fluorescence vs time at different flow rates Q for
1 mm wide - 1 layer. Data were globally fitted to Taylor-Aris
formula. For both the figures: v free, D = 4.9 · 10−10. (Left)
a = 100µm parameter fixed and y1 = 0.095mm obtained from
the global fit and (Right) y1 = 1mm parameter fixed and a =

830mm obtained from the fit.
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Flow Rate y0 v D a
(µl/min) (m) (m/s) (m2/s) (m)

200 8.10E-04 1.73E-04 8.61E-10 8.63E-05

100 8.30E-04 1.64E-04 1.20E-09 4.76E-05

50 8.27E-04 1.44E-04 1.44E-09 1.46E-04

50 8.26E-04 1.37E-04 2.10E-09 5.24E-05

40 7.92E-04 1.24E-04 3.68E-10 9.08E-05

30 8.65E-04 1.33E-04 2.87E-09 3.15E-04

20 7.42E-04 9.53E-05 1.22E-09 1.86E-04

20 6.80E-05 1.26E-04 2.10E-08 2.42E-04

15 0.00319 3.66E-04 2.84E-09 3.76E-04

10 0.00105 1.02E-04 5.81E-10 1.51E-04

Mean 6.30E-04 1.54E-05 1.28E+00

Theoretical 5.00E-04 4.90E-10 1.40E-04

Table G.1.: 1 mm wide - 2 layer flow cell independent Taylor-Aris fit: 4 free
parameters: y1 (distance from inlet), v (fluid speed), a (channel
height), D (diffusion constant).

Flow Rate y0 v D a
(µl/min) (m) (m/s) (m2/s) (m)

200 7.97E-04 1.73E-04 1.43E-09 7.80E-07

100 7.91E-04 1.73E-04 3.31E-09 2.77E-04

50 8.04E-04 1.70E-04 4.01E-09 3.43E-04

50 8.22E-04 1.64E-04 1.35E-09 7.06E-05

40 1.04E-03 2.00E-04 3.63E-09 3.20E-07

30 9.10E-04 1.71E-04 1.91E-09 9.72E-05

20 8.80E-04 1.59E-04 2.50E-09 8.45E-05

20 8.30E-04 1.31E-04 2.71E-09 2.99E-04

15 9.00E-04 1.06E-04 1.75E-09 2.38E-04

10 8.67E-04 1.20E-04 1.59E-09 1.91E-04

7 9.87E-04 1.05E-04 9.95E-10 1.37E-04

Mean 8.71E-04 2.08E-09 5.81E-05

Theoretical 1.00E-03 4.90E-10 1.00E-04

Table G.2.: 1 mm wide - 1 layer flow cell independent Taylor-Aris fit: 4 free
parameters: y1 (distance from inlet), v (fluid speed), a (channel
height), D (diffusion constant).
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