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Résumé

En combinant I'imagerie AFM a haute résolution et les mesures mécaniques a 1’échelle
nanométrique nous nous sommes intéressés aux propriétés physiques de deux objets
biologiques différents.

Les R-Loops sont des structures hybrides ADN/ARN résultant d’une transcription
ou I’ARN s’hybride avec sa matrice d’ADN, tandis que le brin d’ADN non matrice reste
simple brin. Ces structures R-Loops a trois brins ont été associées a des phénotypes
d’instabilité génomique in vivo. Nous avons visualisé ces structures générées in vitro
caractérisé leur conformation. En s’intéressant & un certain nombre de paramétres
physiques quantifiables et en comparant ses données pour plusieurs génes générant des
hybrides, nous avons montré que ces R-Loops différent par leur architecture et que
I’organisation du brin non modéle est une caractéristique fondamentale pour conduire
a la formation d’un objet compact, qui pourrait alors générer des cassures d’ADN
dépendantes de la réplication.

En combinant l'imagerie de ces capsides en milieu liquide et la mesure de leur
réponse mécanique grace a la nano-indentation AFM, nous avons étudié les propriétés
mécaniques des vecteurs AAV (Adeno Associated Virus) et les capsides du virus de
I’Hépatite B, en lien avec leur désassemblage. En comparant les données obtenues
le long d'un profil spatial enregistré sur différentes capsides, nous avons mis en évi-
dence des hétérogénéités spatiales dont l'origine est pour partie géométrique et résulte
également d’une hétérogénéité intrinséque liée a Iorganisation de la capside. Egale-
ment, nous avons pu comparer les propriétés mécaniques des capsides et leur capacité a
libérer leur génome in vitro par décapsidation induite par la température. Enfin, nous
avons étudié la structure des répétitions terminales inversées (ITR) de 'AAV. Ces ITR

adoptent une structure fonctionnelle que nous avons caractérisée par I'imagerie AFM.



Abstract

By combining high-resolution AFM imaging and nano-mechanical measurements at
the single-molecule level, we studied the physical properties of two different biological
objects.

R-loops are DNA/RNA hybrid structures arising from the DNA transcription pro-
cess. The RNA hybridises with its DNA template by Watson-Crick interactions while
the non-template DNA strand remains single-stranded. The R-loops structures have
been associated with genomic instability phenotypes in wvivo. We characterised by
AFM imaging the conformation of these structures generated in vitro. We showed that
these R-loops, generated for different genes, differ in their architecture by analysing
quantitative physical parameters. We concluded that the non-template DNA strand
organisation is a fundamental characteristic to form a compact hybrid object, which
could then generate replication-dependent DNA breaks.

We studied the physical properties of two viral capsids, the AAV vector and the
Hepatitis B capsid, connected with their disassembly. By combining the imaging and
mechanical response measurement in a liquid medium using AFM, we obtained quan-
titative information on their mechanical properties. An indentation profile over the
capsid shows spatial heterogeneities, which origin is partly geometric and results from
an intrinsic heterogeneity linked to the capsid organisation. We also compared the cap-
sid mechanical properties to the ability to release their genome in vitro when induced
by temperature. Finally, we studied the Inverted Terminal Repeats (ITRs) structure of
AAV. These I'TRs adopt a functional structure that we characterised by AFM imaging.
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(zeneral Introduction

In terms of experimental tools and microscopy, the technological advance of the last
decades allowed the development of instruments capable of visualising and measuring
materials mechanical properties on a nanometric scale. This point marked a new
set of possibilities in understanding biological structures such as DNA, nucleo-protein
complexes, viruses and cells, which can now be studied at the single-molecule level. This
opens the possibility of describing and understanding biological processes through the
intrinsic mechanical properties of the structures. In this work, we study two biological
structures/processes from a physical point of view, using an atomic force microscope
AFM.

In the first part of this thesis, we use AFM high-resolution imaging to study R-
loop formations at the AIRN gene locus in vitro. We demonstrate that they adopt a
defined set of three-dimensional conformations, characterised by distinct shapes and
volumes, which we call R-loop objects. Interestingly, we will show that these R-loop
objects impose specific physical constraints on the DNA, as revealed by the presence

of stereotypical angles in the surrounding DNA.

In the second part, using an original combination of experimental approaches based
on AFM imaging and nano-mechanical measurements, we study the physical proper-
ties of Adeno-Associated Virus (AAV) and Hepatitis B Virus (HBV). To define the
parameters leading to capsid disassembly and ejection of the viral genome, AFM is
used to probe the morphology of viral capsids with a very high spatial resolution and
exert mechanical constraints on viral particles, this measuring their elastic response.
We show that provided a careful analysis protocol, it is possible to extract the average
stiffness of our viral capsids for the two small viruses AAV and HBV and compare their
intrinsic stiffness heterogeneity associated with the icosahedral symmetry. In addition
to this, we compare several AAV serotypes in thermodynamic equilibrium with the
environment and relate their differences in terms of mechanical properties with their
ability to uncoat their genome when destabilised by a temperature increase. Finally,

we characterised the morphology of the Inverted Terminal Repeat (ITR). The main
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goal is to establish a relationship between the ITR conformation and its efficiency in
gene therapy by engineering the I'TR of recombinant AAV vector and its biological role

in AAV vector gene transfer.

Since the biological questions and objects we studied are different, the manuscript
is divided into two parts related to one of these topics. For each topic, we first present
an introduction of the biological object and state of the art. Then, we show the
experimental approach we have developed. The results we obtained and their discussion

we finally presented in the last section.

To start, we will begin with a brief introduction of the AFM and its experimental
values. The results are then presented in two chapters, each beginning with a descrip-
tion of the methods and protocols used to perform the measurements and the data

analysis.
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Chapter 1

Introduction: An experimental study
by AFM

Index
1.1 Atomic Force Microscope . . . . . . . « v v v v v v v v .. 19
1.2 General principle . . . . . . ... ... ... . 00 0., 20
1.3 AFMmodes. . . . . . . . o v v i v ittt e e 23
1.4 Imagingsamples . .. ... ... ... 24
1.5 Cantilever . . . . . . . . .o e e 25
1.6 Nanoindentation by AFM . .. ... ............. 28

1.1 Atomic Force Microscope

The Atomic Force Microscope AFM is a combination of the Scanning Tunnelling Micro-
scope STM principles, and the Stylus Profilometer SP and it was invented by Binnig,
Quate and Gerber in 1986 [1]. The STM allows the scanning of the surface with a
very sharp tip. As the tip approaches the surface, a voltage is applied to the tip to
obtain surface images at atomic resolution. A condition of these instruments is that
both the tip and sample should be conductive [2]. The SP is an instrument that anal-
yses the surface texture of a sample measuring the surface topography of a sample [3].
Then, combining both methods, Binning et al. opened the possibility of studying

non-conductive systems, biological systems being a fundamental example [4].

In the last decade, the AFM is an instrument that has become an essential tool
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for studying biological systems under physiologically relevant conditions, for example,
in liquid. The AFM allows to map surfaces with a nanometric resolution and obtain
mechanical properties such as the elasticity and stiffness of these surfaces. Currently,
some AFMs allow studying dynamic processes in real-time, resulting in a greater pos-
sibility of studying biological processes. The great advantage of this instrument is that
it is used to study biological systems that have a large variety of sizes, from DNA
or RNA molecules, macromolecules such as proteins, or even larger system, such as

viruses, bacteria or cells.

Next, we will explain the general principle of the AFM and the components involved

in its operation.

1.2 General principle

Similarly to the Scanning Tunnel Microscope STM, The AFM is constituted by (i) the
head containing the beam deflection system and (ii) the piezoelectric device that moves
the sample in all three directions (x,y,z). Last, (iii) the base contains the electronic

control and the vibration isolation system [Fig. 1.1(a)].

The forces between the cantilever tip and the sample surface generate deflection
of the cantilever. Depending on the distance between the cantilever and the surface,
the main contributions come from the Van der Waals force, coulombic interactions
or electrostatic. A simple optical beam deflection setup reads the deflection of the
cantilever. The collimated laser beam is focused on the cantilever, which is reflected
in a mirror. This mirror redirects the laser beam to the photodetector [Fig. 1.1(b)].
To determine the laser point position on the photodetector, the sensor is divided into
four quadrants [Fig. 1.1(c)]. Thus, the horizontal and vertical position can determine

according to the following expression:

C—-D
Hor = 1.1
oD (1.1)
and,
A—-B

The total intensity reflected SUM is the addition of the power retrieved by each

quadrant. The SUM normalization of the Hor and Vert parameters prevents possible
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Figure 1.1: The Atomic Force Microscopy AFM - (a) Scheme of the AFM (MultiMode
8 from Bruker). (b) Optic system contains in the AFM head. (c¢) Scheme of the photodector.

fluctuations in the initial laser intensity. During manipulation, this could be interpreted
by the system as cantilever deflections. Figure 1.1(c) shows a schematic of the vertical

deflection according to the position of the laser on the photodetector.

In response to the applied voltage, due to the cantilever deflections measured by the
photodetector, the scanner (piezoelectric device) can move the sample depending on
the sample topography. As a result of this, the closed-loop feedback can maintain the
cantilever deflection constant, and the resulting three-dimensional movement tracks

the sample surface, allowing the construction of a topographic image.

The sum of three potentials can describe the cantilever and sample system [5]: (i)
the interaction potential between the tip and the sample U.s(D), where D is the tip-
sample distance. (ii) The Hooke’s elastic potential of the cantilever U.(d.) and (iii) the
potential that describes the sample deformation Ug(ds). The potentials that describe

the deformation of the sample are defined as

Uc((sc) = _kc(s2 (13)
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1

Figure 1.2: Tip surface interaction - (a) Scheme of the deflection of the cantilever as a
function of whether it is in contact or not with the surface. (b) Potential as a function of the

vertical displacement of the cantilever.

U.(5,) = %m? (1.4)

where k. and k, are the elastic constant of cantilever and sample. Generally and
for simplicity, the tip-sample interaction potential is described by the Lennard-Jones

interatomic potential,

A B
ch == U(T’) = —ﬁ —+ ﬁ, (15)
where r is the tip-sample distance. The total interaction force F' is defined as
0 ch Uc Us
po Wt UctU) (1.6)

oD

The interaction force F is attractive as the cantilever approaches the sample surface.
The attractive short-range forces between the surface and the tip cause the cantilever
to bend toward the surface [Fig. 1.2(al,bl)]. The interaction force F' becomes repulsive
when the cantilever is close enough to the surface, inducing the cantilever to bend away
from the surface [Fig. 1.2(a2,b2)].

The force-displacement curve of the AFM is the result of two contributions: the

elastic force of the cantilever F' = —k.0. (see eq. 1.3) and the tip-sample interaction
F(D) = —%. We must mention that the Lennard-Jones force F/(D) only provides

a qualitative description of the tip and sample interaction. The repulsive part of the
force is generally more complex than the one modelled by the Lennard-Jones force [5].

The distance controlled during the measurement is not the actual tip-sample distance
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Cantilever

Figure 1.3: Tip surface interaction - D is the actual tip-sample distance, whereas Z is
the distance between the sample and the cantilever rest position. These two distances differ

because of the cantilever deflection d., and because of the sample deformation J5 [5].

D |Fig. 1.3|, but the distance Z between the sample surface and the rest position of the
cantilever. These two distances differ because of cantilever deflection d. and because

of the sample deformation d,. These four quantities are related as follows:

D =27 — (6.4 6s). (1.7)

Therefore, in the experiment, the raw force curve obtained by AFM does not pro-
vide the tip-sample distance D but instead displays the vertical displacement of the

cantilever Z.

1.3 AFM modes

Several imaging modes allow studying a wide variety of samples, such as rigid materials
or biological samples. The most common are Contact Mode CM, Dynamic/Tapping
Mode TP, Peak Force Mode PFM. This depends on how the sample is being studied in
the air or the buffer solution and on the sample type. Below, we will briefly describe

the three most popular modes.

e Contact Mode CM: this mode is the simplest operational method used by the
AFM, and it was the first to be developed [1]. The tip is close to the surface
or even in contact at each measurement pixel. The two methods of imaging in

contact mode are in constant force or constant height. When the tip scans in
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constant force, the tip is continually adjusted to maintain a specified cantilever
deflection. On the contrary, in constant height, the sample must be relatively
flat for the feedback loop to maintain control during scanning. However, this
mode is not suitable for biological samples since it is an intrusive method and
can damage the fragile biological objects due to lateral friction forces, which are
important during scanning. The CM is also known as Friction Force Mode FFM

since it can measure frictional forces on a surface.

¢ Dynamic/Tapping Mode TP: in this mode, the cantilever oscillates while the

sample surface is being scanned. This means that the tip is quite close to the
sample but not touching it; therefore, there is no contact. The feedback loop
between this mode and the CM is similar, although in this case, the cantilever
oscillates. The detection system is based on measuring changes in the resonant
frequency or the cantilever amplitude as the interaction between the tip and the
sample dampens the oscillation. This mode is also known as Intermittent-Contact
Mode or Oscillating Mode. The surface topography is obtained with minimal
intrusion since the oscillating tip only approaches the surface intermittently and
always from top to bottom, improving lateral resolution. Additionally, lateral

forces such as drag are practically eliminated.

e Peak Force Mode: this mode couples the two previous modes by controlling

the interaction between the tip and the surface while maintaining intermittent
contact. The cantilever oscillates at a very low frequency (around 2 or 8 kHz)
compared to its resonant frequency (several hundred kHz). At a constant ampli-
tude, this oscillatory mode does not cause the cantilever to bend. The feedback
loop is performed by keeping the maximum interaction between the tip and the
surface as the cantilever approaches. This mode is increasingly used to study
viruses (and biological systems) because it has the advantage of being low intru-

sive with direct control of downforce, especially in liquid environments imaging.

1.4 Imaging samples

The images obtained by the AFM are iso-interaction maps; that is, each pixel (with

z, y position) is associated with a z value, corresponding to the deflection of the

cantilever. The image data are sampled digitally at equally spaced intervals. Typically,

the obtained images are a square grid of data points, meaning that the number of lines

is equal to the number of data points per line [Fig. 1.4(a)]. The representation of this

matrix is an image associated with a scale that connects the colour of each pixel with
the measured height [Fig. 1.4(b)].
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Figure 1.4: AFM reveals topography of biological samples - (a) The cantilever tip
approaches and withdraws from the sample in a pixel-to- pixel manner. The high precision of
the approach allows detection of pixel sizes <1 nm? with a positional accuracy of ~0.2 nm.
(b) AFM image topography of native purple membrane adsorbed onto mica and imaged in
buffer solution. Scale bars, 200 nm. Adapted from [6].

The AFM imaging depends on the control parameters such as surface dimension,
image resolution, tip speed to make an image line and the efficiency of the feedback
loop, all of which depend on the AFM mode. These mentioned parameters generally
control the quality of the AFM image.

However, there is another critical parameter that must be considered to obtain
AFM imaging: the cantilever. Next, we will describe the main characteristic of the

cantilever and its implication in the sample topography.

1.5 Cantilever

The essential parameters of the cantilever are the sharpness of the apex and the whole
tip aspect (length and width). The cantilever tip is an essential part of the AFM
since it is the part that comes into contact with the sample. Currently, cantilevers are
manufactured with silicon or silicon nitride due to the uniformity and reproducibility of
results |7]. There are many tips types where the most common have spherical, conical
or triangular shapes [8]. The choice of the cantilever tip shape depends on the surface

analysed.

In addition to the different tip shapes (or probes), there are two designs for the
cantilever; the "V" shaped type and the single-arm type. These show different torsional

properties. The cantilever mechanical stiffness k. varies between 0.03 N/m and 40 N /m,
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depending on the cantilever is length L, the width W and the thickness T'. Although the
width and length of the cantilever can be determined with great precision, the thickness
presents difficulties to be measured [9]. Consequently, the manufactures usually give
the cantilever spring constant with an error of 10-30 % and the user must then calibrate

each cantilever by thermal noise or Sader methods [10].

The vertical resolution of the cantilever depends on two parameters [9]: (i) the noise
of the photodetector since it defines the vertical movement of the piezoelectric device.
The displacement dependence of the piezoelectric device is hysteretic, and it is affected
by creep, which is a delay effect depending on temperature. This means that almost
the entire displacement is performed at the beginning of the movement, but a little
fraction is done later with a logarithmic time dependence [5|. The second problem
that can affect the vertical resolution of the cantilever is (ii): the thermal noise. The

cantilever oscillates at the resonance frequency with an amplitude.

(b)

Figure 1.5: Cantilever tip - (a) Scheme of a cantilever where it are identify the radius
of curvature r and the aspect ratio h and w [7]. (b) Several different tips: (1) spherical tip
with diameter of 10 pm, (2) shrunk conical tip after carbonization through pyrolysis, (3)
protruding tip that is visible from the top during scanning, (4) high (20 gm) and thin (5 pm
at the base) tip, (5) triangular tip in the shape of the famous Swiss mountain “Matterhorn”
and (6) Extremely long tip with a height of 100 ym. Adapted from [8].
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Figure 1.6: Cantilever shapes - Triangular and single-beam cantilevers. The force constant

and resonant frequency depend on the values of width (W), length (L), and thickness (T") [7].

where kg is the Boltzman constant, 7' is the absolute temperature and k. the cantilever
spring constant. For example, a cantilever with a spring constant of 0.02 N/m will have
a noise of 5 A approximately, at room temperature. One way to control thermal noise

is by isolating the AFM with a chamber that allows humidity control.

The lateral resolution of AFM images is affected by artefacts that arise from the
effects of convolution of the tip [11]. This effect is closely related to the tip geometry, so
it does not depend on the AFM mode or if the sample is scanned in a liquid medium or
air. Figure 1.7 shows two schemes where (a) the cantilever tip is larger than the object
size and (b) when the round end of the tip is smaller than the object size. We notice
that the object width measured by the cantilever tip W,,, would be greater than the
actual width of the object. Case 1.7(b) shows that for triangular-shaped points, the
width of the measured object We,, will have an additional term that is related to the
cone angle . Besides, Cannet et al., [12] demonstrate that the convolution is increased

with the object height for a constant tip radius, mainly for the narrowest objects.

Object areas measured through AFM images will always show an increased value.
The only parameter that is not affected by the convolution effect between the tip and
the object is the height. Thus, height is the parameter used mainly to characterise the
morphology of objects.
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(a) (b)

Ttip hegt

Figure 1.7: Convolution effect between the cantilever tip and the sample - Schematic
of tip convolution effects described by trigonometric considerations for round tip end and
object round. (a) The tip size is larger than the size of the object. (b) opposite case of (a)
Adapted from [12].

1.6 Nanoindentation by AFM

Indentation experiments generally consist of understanding the type of cantilever-
sample interaction and then extracting the sample deformation and the cantilever as
two separate components. In this thesis, we have used this technique to measure the
mechanical properties of viral capsids. Therefore, we here explain how to perform

indentation experiments based on nanoindentation of viral capsids [13].

Unlike AFM imaging that moves the piezoelectric scanner in the z, y, z directions,
nanoindentation experiments only move the scanner in the z-direction. Typically, mea-
surements start at a sufficiently large z-distance to avoid cantilever-capsid interaction
and breaking in the capsid. Once the piezo scanner begins to move up vertically, and
before the cantilever tip touches the capsid, the deflection F' is zero since the cantilever
has not undergone any deflection [Fig. 1.8(a,d)]. When the cantilever touches the cap-
sid and starts to deflect, it changes the quadrant photodiode signal [Fig. 1.8(b,e)|. In
this case, the resulting force curve between the cantilever and capsid is approximately
linear. This behaviour is elastic until the deformation is smaller than a critical value
for which the capsid breaks |Fig. 1.8(c,f)]. This critical value is known as a breaking

point, and it appears as a discontinuity in the force curve.

There are two classical ways to visualise the cantilever-capsid system deformation.
(i) The force F' curve is shown as a function of the vertical displacement of the cantilever
z. In figure 1.9(a), the 2z-F glass curve is shifted laterally to have the contact point

coincide with the contact point of the z-F capsid curve. The capsid indentation is the
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Figure 1.8: Nanoindentation experiment on a viral particle - (a,b,c) Schematic of an

AFM nanoindentation experiment and (d—f) the corresponding force indentation curves [13].

difference between the z-F' glass and the z-F capsid curve. The first, second, and third
time pushing (FZ 1 Loading, FZ 2 Loading, and FZ 3 Loading), as well as the unloading
curve after the first time indenting (FZ 1 Unloading), are shown. (ii) In a second way,
the force F' curve as a function of the indentation only provides the capsid deformation
information [Fig. 1.9(b)]. All indentation-F curves show an incompressible behaviour

at the end of indentation, indicating that one is pushing on the glass.

If the initial indentation-F behaviour is linear [Fig. 1.8(e)|, the capsid spring con-
stant can be deduced from the slope of the initial linear part. When the data is
represented as a function of the indentation [Figures 1.8 and ??(b)|, one can directly
read out the approximate capsid spring constant from the curve. In contrast, if the
data is represented as a function of the displacement z, one can not accurately deter-
mine the capsid spring constant from the graphs. As we mentioned, this curve contains
the cantilever-capsid system deformation in which it can be described as two resorts
in series. Using Hooke’s law for two spring in series, the capsid spring constant can be

determined as:

1 ktotal . kcantilever (19)

capsid — L

cantilever — ktotal
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Figure 1.9: Two ways of representing the same z-F curve data - (a) The classical
way to show the cantilever+capsid system deformation is by the force F' as a function of the
vertical displacement of the cantilever z. (b) The force F as a function of the indentation. The
indentation of the capsid is the difference between the z-F glass and the z-F capsid curve. In

this case, the force curves only shows the deformations relate to the capsid deformation [13].

where kit and kegntiever are the slope of the linear part of the force curve for inden-
tation on the capsid and surface, respectively.

In the next chapters, we will use the AFM, and the methods described in this
section to achieve two goals: (i) characterise the R-loop objects by morphology and
connect this to the pathological and physiological behaviour biological processes. (ii)
study of the AAV and HBV capsids mechanical properties and their influence during
the disassembly and genome release. (iii) finally, characterise the Inverted Terminal
Repeats ITRs conformation in vitro to understand how the physical properties of this
specific AAV viral DNA structure are related to its biological role in vivo.
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Physical Characterisation of R-loops
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Introduction: R-loops
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Summary

R-loops are complex structures formed by a three-chain nucleic acid structure, which

develop due to the DNA transcription process. The nucleic acid structure consists of

RNA hybridised to a complementary DNA strand. Understanding the functions and
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regulations of R-loops has been actively studied in recent years since these structures
allow the characteristics of gene expressions and genome stability. Here, we will first
explain the basic processes of gene expression: DNA replication, transcription, and
translation. Then, we will explain how the R-loop is generated and its implication in

genome stability.

2.1 The biology of the DNA

The DNA (Deoxyribonucleic acid) is the most important molecule in Biology because it
can conserve and transfer genetic information from one generation to the next. Further-
more, it contains the characteristics of an organism and its functions [14-16]. Friedrich
Miescher, in 1869, was the first person to describe DNA through the study of the
leukocytes chemical composition. In experiments, he isolated an unknown substance
(now known as DNA) from the nucleus of the cell, characterised by large amounts
of phosphorus, named by him as nuclein. Subsequently, he demonstrated that the
new substance was a characteristic component of all nuclei [17,18]. Erwin Chargaff
showed that the composition of the DNA base varies among species. DNA contains
an equal number of nucleotide bases for one species: adenine-thymine and guanine-
cytosine [?,7]. James Watson and Francis Crick proposed the DNA structure model

in 1953 [19], giving birth to modern molecular biology.

2.1.1 DNA structure

The DNA structure is constituted by two helical chains coiled around the same axis.
The bases are complementary and located inside the helix, while the phosphates are
located outside |[Fig. 2.1(a)]. The backbone of each DNA strand is composed of two
polymers consisting of a 5-carbon sugar [gray pentamer in figure 2.1(b)|, a phosphate
group (PO, ) [gray square in figure 2.1(b)|, a heterocyclic nitrogen-containing base
[colored structures in figure 2.1(b)] and three components that constitute a nucleotide.
There are two types of bases: Purines and Pyrimidines. The purine bases in the DNA
are guanine and adenine; their structure is a planer system of 9-atoms: 5-carbons and
4-nitrogens. The pyrimidine group contains the cytosine, thymine and uracil bases,
and their structure is a system of 6-atoms: 4-carbons and 2-nitrogens. An N-glycosidic
bond generates the connection between the sugar and the bases, forming: adenosine,
guanosine, cytidine and thymidine, the four natural nucleosides. Nucleotides are joined
together by phosphodiester linkage between 5’carbon of one deoxyribose group to the

3’carbon of the next to form nucleic acids. The ribonucleic acid RNA differs from
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Figure 2.1: Structure of the DNA - (a) Structure of DNA by Watson and Crick [19]. (b)
Chemical structure of DNA; hydrogen bonds shown as dotted red lines. The sugar-phosphate
backbones are on the outside of the double helix. The direction of each strand is identified

by numbering the carbons 3’ and 5’ in each sugar molecule.

the DNA by having a different sugar and base: ribose and uracil. Uracil in DNA is

visualised when spontaneous deamination convert cytosine to uracil [20].

The double helix of DNA has certain characteristics. Two bases are separated
by a distance of 3.4 A, and the chain has a pitch of 34 A [Fig. 2.1(a)]. The helix
diameter is 20 A; this parameter is used to characterise the DNA molecules in the
AFM images. Each DNA strand has an end where there is a 3’ and 5 type bond,
conferring a direction to the strand. In a double helix, the nucleotides of each strand
are complementary. That is, the strands are non-identical. During the transcription
process, the synthesised RNA molecules are different depending on which of the DNA
strands is transcribed. Antiparallel strands can be generated between a DNA strand
and an RNA strand. These are called DNA-RNA hybrid strands.

2.1.1.1 Types of DNA helices (A-, B- and Z-DNA)

The DNA molecule is a flexible and dynamical structure. Due to its ability to rotate
around the nucleotide bonds, DNA can take various forms. The three most popular
configurations are A-DNA, B-DNA and Z-DNA. Through X-ray diffraction, Rosalind
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Figure 2.2: DNA models - The three most common types of DNA helices: (a) B-form DNA
is right-handed, with 10.5 bp per helical turn. It is the normal, expected form of dsDNA under
physiological-like solution conditions. The narrower minor groove and wider major groove are
indicated. (b) A-form DNA is also right-handed and has a shorter more-compact helix with
10 bp turn. (c¢) Z-DNA is left-handed and slightly stretched with 12 bases per full turn of the
helix [21].

Franklin and Maurice Wilkins [22] showed that DNA fibres become B-DNA type struc-
tures under high humidity conditions (>75%). This corresponds to the average struc-
ture of DNA under physiological conditions. Also, The B-form is the closest to the
original Watson-Crick model [19]

On the contrary, if the humidity is reduced to 75 %, the DNA adopts a conformation
called A-DNA [22,23]. Structurally, A-DNA is wider and shorter for the same number
of nucleotides and has a greater number of bases per turn than B-DNA. Therefore,
A-DNA has less rotation for each base and helix pitch. However, both the A-DNA and
B-DNA structure have a right-handed helical sense [Fig. 2.2(a,b)|]. The condition of
A-type gives the double helix a greater stiffness than the B-type double helix. Bending
the A-type configuration is energetically less favorable [24].

A third model, the Z-DNA model, arises from studying a double helix of the
CGCGCG hexanucleotide through X-ray diffraction [25]. The Z-DNA model has dif-
ferent characteristics than forms A and B, the most important being the left-handed

helical sense. Regarding the dimension, Z-DNA has a narrower helix, longer and with
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Figure 2.3: Structure of the DNA-DNA, DNA-RNA and RNA-RNA duplexs -
Solvation map density for the DNA and RNA duplexes, and the DNA-RNA hybrid [30].

a greater number of bases per turn than B and A. Therefore, it is a more stretched
helix |Fig. 2.2(c)].

The DNA-RNA hybrids tend to crystallise in the A-type form, but in solution or
high relative humidity, their conformation shows an intermediate geometry between A-
and B-type [26-35]. As RNA form an A-type double helix [30,36-39], the hybrid is a

combination of the two conformations |Fig. 2.3].

2.1.1.2 Non B-type

The nucleotides distribution in genomes is not random. Many DNA sequence patterns
exist throughout genomes, such as direct repeats of homo-, di-, or tri-nucleotides,
inverted repeats and mirror repeats. Repeated sequences have the capacity to adopt

alternative conformations called non-B DNA structures.

To date, nearly a dozen types of non-B DNA structures have been described, in-
cluding hairpins/cruciforms [Fig. 2.4(a)|, Z-DNA [Fig. 2.4(b)], triplexes (H-DNA)
[Fig. 2.4(c)], tetraplexes (G-quadruplex) [Fig. 2.4(d)], slipped and sticky DNA [Fig.
2.4(e)] [40]. Several studies have shown that the Non-B DNA-forming sequences in
genomes affect DNA replication and transcription and contribute to genome insta-

bility [41-44]. Next, we will briefly explain the G-quadruplex structure and triplex
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Figure 2.4: Non-B DNA structures - (a) Cruciform DNA, (b) Z-DNA, (¢) H-DNA (triplex
DNA), (d) G-quadruplex (tetraplex) DNA, and (e) Slipped DNA [40].

DNA because, during the transcription process, the non-template DNA strand can
adopt these structures in many repetitive sequences. There are hints that this further
stabilises the R-loops [45].

The H-DNA-forming sequences are very abundant in mammalian genomes [43].
This structure forms at regions containing mirror repeat symmetry, where one half of
the tract can dissociate into single strands by using the energy provided by supercoiling.
One of the single strands can then swivel its backbone parallel to the purine-rich strand
in the remaining duplex, forming a three-stranded helix in this half of the region, leaving

its complementary strand unpaired.

G-quadruplex DNA forms four-stranded, and the sequence can adopt a variety of
folds, dependent in part on whether they are intra- or intermolecular. The quadruplexes
contain the basic repeating motif, the G-quartet, which comprises four guanine bases
held in a plane by Hoogsteen hydrogen bonding. Typically, three or four G-quartets
are stacked one on top of each other within a quadruplex, held together by pi — pi

non-bonded attractive interactions [46].
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Figure 2.5: Replication of the DNA - The two strands of the dsDNA are pulled apart

and each serves as a template for synthesis of a new complementary strand.

2.1.2 DNA functions

The DNA is responsible for containing and transporting genetic material. Different
functions can be described: (i) the replication process, responsible for generating new
DNA molecules, (ii) the transcription, which creates different RNA types that transport
the genetic material. (iii) Moreover, the translation converts these RNA molecules into
proteins. In the next sections, we will briefly describe these processes, and their impact

on gene expression [47].

2.1.2.1 Replication of DNA

The replication process occurs during cell division, and then the double-strand DNA
is copied, generating two identical DNA molecules. The replication is a complicated
process in which several enzymes participated. The set of proteins responsible for
DNA replication is known as the replisome. The essential steps that are involved in

this process are |Fig. 2.5|:

e (i) the separation of the two strands. The topoisomerase is in charge of unscrew-
ing the DNA, while the helicase breaks the hydrogen bridges that join the bases

to open the chains.

e (ii) Once the chains are opened, a primase enzyme is responsible for starting the

duplication process by creating a small RNA molecule called a primer chain.

e (iii) The DNA polymerase III enzyme bind to the primer RNA adds deoxyri-

bonucleotide acids to create the new strand. However, this enzyme can only add
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deoxyribonucleotide acids in a 3’ to 5 direction; therefore, the replication is bidi-
rectional. Given this configuration, there are two types of chains, a continuous
chain (leading strand) and a discontinuous one (lagging strand). In the case of
the continuous chain, only one primer is needed. Nevertheless, in the leading
strand, several RNA primers are synthesised. Next, the DNA III polymerase
synthesising DNA fragments between one primer and another: these fragments

are called Okazaki fragments.

e (iv) The exonuclease removes all the RNA primers, and then the DNA polymerase

fills those spaces.

e (v) Finally, DNA ligase connects all the DNA fragments in both strands. Topoi-

somerase returns the coiled state of the DNA molecule.

2.1.2.2 Transcription of DNA

The transcription process consists of copying the information contained into the DNA
and storing it in an RNA molecule. Within the transcription process, a messenger,
transfer and ribosomal RNA can be obtained. There is a specific RNA polymerase
to synthesise each RNA molecule: RNA polymerase I, II and III, respectively. The
messenger RNA, created in the cell nucleus, crosses the nuclear membrane to the cy-
toplasm to synthesise proteins. We should mention that transcription and translation
occur separately in eukaryotic cells since transcription occurs in the nucleus and trans-
lation in the cytosol. In prokaryotic cells, the transcription and translation process
can co-occur in the cytosol. The transfer RNA is responsible for transporting specific
amino acids to a protein in formation. The ribosomal RNA combines with proteins to
form ribosomes, and its function is to create peptide bonds between amino acids and
proteins. The overall process of obtaining proteins from DNA information is known as

gene expression.

The DNA strand contains a specific sequence known as a gene used as a template to
create the messenger RNA. The complementary strand is the non-template or coding
strand since this chain has the same sequence as the RNA chain. Nevertheless, the

newly made RNA strand has U nucleotides instead of T nucleotides.

The template strand also contains a sequence that allows the initiation of transcrip-
tion called promoter. Specific proteins (transcription factors) adhere to the promoter
allowing RNA polymerase to bind to this promoter and therefore initiate transcription.
The RNA polymerase is the essential transcription enzyme since it is responsible for

transcribing the DNA into RNA. Once the RNA polymerase is located in the promoter
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Figure 2.6: Transcription of the DNA - Segments of the DNA sequence are used to
synthetise molecules of RNA.

position, the polymerase advances while copying the template strand sequence, and
then the RNA begins to grow thanks to the addition of new nucleotides. As seen in
the diagram in figure 2.6, the promoter is not transcribed; the transcription starts at
the beginning of the gene (transcription start site) and reaches a termination sequence

(transcription stop site).

2.1.2.3 Maturation process of the messenger RNA

The newly created RNA molecule is not ready to leave the nucleus to the cytoplasm;
it must go through a maturation process. The messenger RNA molecule that we will
call pree-mRNA undergoes a series of modifications so that ribosomes can recognise it

and prevent it from being degraded by nucleases in the cytoplasm [Fig. 2.7].

First, a 7-methylguanosine cap molecule is added at the 5’ end and is responsible
for binding the mRNA to ribosomes in the cytoplasm. At the other 3’ end, one adenine
chain known as the poly-A chain is added in a polyadenylation process [Fig. 2.7(b)]. In
this new molecule, the sequences that are not translated are eliminated. The process
by which introns are removed is known as splicing. Consequently, the new messenger
RNA molecule will be shorter than the initially translated one [Fig. 2.7(c)|. Finally,
the messenger RNA is ready to go out into the cytoplasm and be translated, which

would be the next step in gene expression.

2.1.2.4 Translation of DNA

The goal of translation is to generate a chain of peptide-linked amino acids. Then,
the post-translational modifications will give a specific shape to the protein. The

translation process is carried out thanks to the action of ribosomes.
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Figure 2.7: Maturation process of the messenger RN A - Scheme of mRNA maturation

process in the nucleus.

The genetic code is based on the reading of the bases present in the messenger
RNA. The four bases of RNA are uracil, adenine, guanine, and cytosine (U A G C).
A triplet of coding nucleotides (bases) makes up a codon structure; RNA contains 64
coding codons. The codon sequence codes for single amino acid and different codons

can encode each amino acid.

Before the translation process begins Fig. 2.8, translation factors bind to the cap
molecule located at the 5’ end of the RNA, allowing the lower part of the ribosome
to bind to the messenger RNA. The lower part of the ribosome will advance to locate
the initiation codon AUG, which encodes the amino acid methionine. Next, the upper
subunit of the ribosome is attached, and the translation process begins. The molecule
in charge of synthesising amino acids is transfer RNA, where the codon of the messen-
ger RNA binds with its specific bases triplet (anticodon) of the transfer RNA. Then,
elongation factors, which allow the ribosome to advance over messenger RNA, are at-
tached. For the next codon of the messenger RNA, another transfer RNA is attached,
which has a complementary anticodon and carries another amino acid. The two amino
acids are joined by peptide bonds, thanks to the peptidyl-transferase enzyme. The
ribosome will advance until it finds the stop codon. Translation termination proteins
will then enter, allowing the two ribosome subunits to disassemble. Finally, the amino

acid chain is released.

2.2 R-loop

The R-loop is a structure made up of three single strands, two of which form a DNA-
RNA hybrid, and the third is a single strand of DNA that is similar to the strand
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Figure 2.8: Translation of the DNA - During the translation of DNA, the ribosome
generate a chain of peptide-linked amino acids. The molecule responsible for the synthesis of
amino acids is the transfer RNA, and this is carried out by mediating the union between the
codons of the messenger RNA and the anticodons of the transfer RNA.

of RNA. The R-loop is formed during the DNA transcription when the nascent RNA
remains hybridised with its DNA template through Watson-Crick interactions, whilst
the non-template DNA strand remains single-stranded [Fig. 2.9]. While DNA-RNA
hybrids are structures that arise naturally during replication and transcription, R-loops
do not occur very frequently [48]. These structures were not considered a subject of
study but rather by-products of the transcription process until later studies revealed
that R-loops could be connected to human diseases such as cancer and neurological
disorders [49-53].

2.3 Factors that promote the R-loop formation

Several factors can promote R-loops formation [54], the most frequent of which occurs
in GC or purine-rich regions. Both in vitro and in vivo observations show that the
capacity of transcription to form R-loops is determined at least in part by the sequence
of the nontemplate strand. In particular, the nontemplate strands containing stretches
of consecutive G residues increases the probability of forming co-transcriptional R-
loops [55-60).

DNA topology can play a role in the formation of the R-loop. During the transcrip-

tion process in vitro, DNA elongation generates negative supercoiling at the end of the
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Figure 2.9: Scheme of factors promoting R-loop formation - The factors that can
promote the formation of R-loops are: negative supercoiling, nick or secondary structures
(G-quadruplex) in the nontemplate strand, G-clusters on the RNA transcript and defects in
the RNase H and RNA-DNA helicases [54].

hairpin, promoting the formation of the RNA-DNA hybrid [61]. Through a statistical
mechanical equilibrium model, Stolz et al., 2019 [62| suggest that the supercoiling-
induced strand separation may not be strictly necessary for R-loop initiation. Instead,
R-loops may absorb negative supercoiling, relieving stress on the DNA molecule, con-
tributing to genome stability. Nicks in non-template strands can also favour R-loops
formation even in regions without rich G [55]. In this reference, the authors suggest
that the non-template strand instability in hybridising with the template strand is
due to the loss of strength of the non-template strand at the nick. Secondary struc-
tures formed at the non-template ssDNA, such as G-quadruplex (G4), can generate a
less stable re-annealing of the two DNA strands. Then it can promote hybridisation
between the RNA and the template single-strand DNA [63].

The defects or absence of enzymes implicated in the R-loops manipulation can also
be a cause of their stability [64,65|. The enzymes that help to prevent the formation
of R-loops and avoid their accumulation are the RNase H, RNase H1 and RNase H2
enzymes [66-68]. Also, R-loop in vivo removal is achieved by DNA-RNA helicases that
unwind the hybrid [Fig. 2.10(a)| [69]. Li and Manley in 2005 [68] proposed that in
eukaryotic cells, DNA-RNA hybrids are prevented by the coating of the nascent RNA

molecule with proteins.

As we have mentioned, the negative supercoiling generated behind the RNA poly-
merase favours the formation of the DNA-RNA hybrid bacteria, yeast and human

cells [67,69-71]. Topoisomerase 1 can resolve the negative supercoiling and thus pre-
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Figure 2.10: Avoiding R-loop formation - (a) The RNase H enzyme degrades the hybrid,
and DNA-RNA helicases are unwinding the hybrid, thus eliminating the R-loop. (b) R-loop
formation is prevented by specific RNA-binding proteins that are involved in RNA biogenesis
(hnRNP), by topoisomerase 1 (Topo I) that resolves the negative supercoiling behind the
elongating RNA polymerase II (RNAP), and by chromatin. Adapted from [69].

vent the R-loop formation. In eukaryotic cells, chromatin is another factor that can

protect the genome from R-loop formation [69].

2.4 Physiological and pathological R-loops

The RNA-DNA hybrids are structures that form naturally, emerging as important
regulators of genome stability [72], the modulation of gene expression and chromatin
state 73], chromosome compaction [74], transcription termination [60,75-77], DNA
repair [78-81| and transcription regulation of specific genes [61,82,83]. A specific
gene can be regulated through an R-loop and modulate physiological processes of the
flowering of plants in response to temperature changes [63|. R-loops have been shown to
form in G-rich transcription termination regions, promoting RNA polymerase to pause
before termination [60]. R-loops have also been associated with DNA repair. For
example, when DNA is broken, the RNA-DNA hybrid can be an alternative structural
element to repair DNA [84]. Keskin et al., [85] demonstrated that yeast, S. cerevisiae,

can repair a restriction enzyme-mediated break using an mRNA as a template.

Adversely, studies have shown that R-loops could also be associated with pathologi-
cal DNA damage, such as double-stranded DNA breaks and genome instability [61,82].
Since the single strand of DNA is less chemically stable than the double strand of
DNA, the R-loops induce the non-template ssDNA to be exposed to possible mutagen-
esis associated with transcription, and recombination [86-88]. Modifications of ssDNA

generated by mammalian cell proteins produce abasic sites (loss of purine or pyrimi-
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Figure 2.11: R-loop as a factor physiological and pathological - Different process
by which the R-loop can impact on the genome stability, but also contributes positively in

regulating cellular processes [82].

dine base) that lead to base substitution or nicks in ssDNA [76,89,90]. R-loops can
cause DNA breakage due to hairpin collapse during the replication and transcription
processes, as well as blocking the transcription and interfering with the transcription
factor binding [48,91-95,95-99|]. Skourti-Stathaki et al., [76] showed that the pres-
ence of R-loops led to antisense transcription, formation of double-stranded RNA, and

activation of the RNA interference machinery.

2.5 DNA studies using AFM

As we mentioned at the beginning of this thesis, the AFM is a fundamental tool for
imaging and characterising DNA molecules, viruses and cells, and, most importantly,
to study dynamical processes in real-time. We will show some examples of DNA pa-

rameters that could be obtained by AFM imaging.
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Figure 2.12: High-resolution AFM of DNA molecules - High-resolution imaging of ds-
DNA using AM-AFM. (a) A periodic corrugation and a helical structure along the molecule
is observed. (b) Detail at higher magnification of (a) that highlights the double-band corru-
gation corresponding to the major (green arrow) and minor (gray arrow) grooves. (c¢) Model
of dsDNA showing relevant dimensions. (d) Height profile taken along the line in (b). Color
scale (from dark to bright) in (a) and (b) was adjusted to enhance the corrugation observed
along the dsDNA (2.9 nm total range in (a) and 1.7 nm in (b)) [102].

2.5.1 Visualisation of the DNA

Imaging double-stranded DNA (with a diameter of rangly 2-nm) in ambient conditions
with a tip with a radius of curvature of 10 nm yields a DNA image of ~5.7 nm. This is
3 times wider than the sample. Recent advances in the fabrication of ultrasharp AFM
tips with a radius of curvature ~1 nm allows high-resolution studies of nucleic acids
of different types, and conformations [100,101]. However, occasionally, high-resolution
images have been obtained with regular tips, suggesting that these tips were terminated

with sharp spikes (asperities) that provide the necessary high-resolution topography.

Figure 2.12 show an dsDNA AFM image in air using a tip with a radius of 8
nm [102|. The authors achieved imaging the dsDNA at a surprisingly high resolution,
identifying a periodic corrugation of the dsDNA structure, which correspond to the

helix major and minor grooves.

Several studies have shown that it is possible to visualise DNA molecules through
AFM imaging. However, the deposition of DNA molecules on the surface can generate
a distortion of its structure. Such distortion depends on the physical and chemical

characteristics of the surface and the DNA-surface interactions. Some methods using
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(a)

Figure 2.13: DNA plasimd deposited on mica for differents divalent cations - AFM
images of mica showing the conformation of absorbed plasmid DNA with different background
ions: (a) NaCl, (b) MgCly and (c) NiCly [108].

divalent cations work very well for imaging linear DNA [103-106|. Ellis et al., [107]
showed that it is possible to immobilise the DNA on mica by monovalent cations.

However, a rather long incubation period is required for the DNA immobilisation step.

Recently, Freeman et al., [108] showed that DNA conformation in mica is affected
by background ionic potential. Thus, the higher the ionic potential, the more twisting
of the DNA plasmid. Figure 2.13 shows three AFM images of the DNA imaging in the
air where the DNA plasmid was adhered to the surface using NaCl, MgCl, and NiCls,.
When NaCl is used as a background electrolyte, DNA does not absorb to mica |Fig.
2.13(a)]. In the MgCl, case, the entire plasmid is absorbed, and it is generally absorbed
in the form of a ring or with one or two turns [Fig. 2.13(b)]. When using NiCly, DNA
supercoils and circular rings are not observed. The latter indicates a greater number of
stronger absorption sites that prevent the structure relaxation during absorption |Fig.
2.13(c)]. Hence, they suggest that the local mineral surface charge affects the DNA

absorption, particularly ion bridging.

2.5.2 Analysing G-quadruplexes structure in DNA

As we have mentioned previously, G-quadruplex structures that favour the formation of
R-loops. Furthermore, many natural proteins have been found to interact specifically
with G-quadruplexes [109]. The formation of G-quadruplexes in G-rich regions of DNA
is believed to affect DNA transcription, and replication [110,111,111,112]. Given its
potential involvement in cellular function, it is important to understand the mechanism
of G-quadruplex formation and the perturbations in the DNA structure involved in its

generation.
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Figure 2.14: Characterisation of G-quadruplex structures by AFM imaging - (top)
Zoomed AFM images of G-quadruplex structures with corresponding diagrammatic repre-
sentations of the DNA arrangment. Areas (140x140 nm?) showing regions of transcribed
plasmids containing loops (A, B), a blob (C) and a spur (D). The blue lines in the diagrams
represent the non-coding strand of the DNA; the red lines represent the G-rich coding DNA
strand and the green lines represent hybridized mRNA [113].

Through an analysis of AFM images of stable RNA-DNA hybrid loops generated
by the transcription of the plasmid pPH600, which contains a fragment of the murine
immunoglobulin S.3 switch regions, Neaves et al. [113] showed that the non-RNA-
containing portion folds into G-quadruplexes. Following in witro transcription, the
plasmid exhibits an asymmetric loop [Fig. 4.9(a,b)|, a large asymmetric blob [Fig.
4.9(c)| or a spur-like projection at the appropriate position on the DNA contour |Fig.
4.9(d)|. The loops disappeared following the treatment of the transcribed plasmid with
RNase H. In the presence of K* in the transcription buffer, the G-quadruplex structure
stability falls, which is consistent with the known effects of monovalent cations on G-

quadruplex stability [114].

2.5.3 Single-Stranded DNA Binding Proteins

The single-stranded DNA has a high affinity to SSB proteins (Single-stranded bind-
ing protein), and as the ssDNA participate in all the genetic processes, it is impor-
tant to elucidate the mechanism of SSB-DNA interaction. The high flexibility and
smaller filament height of single-stranded DNA complicate the reliable visualisation
of ssDNA-SSB complexes [117]. Shlyakhtenko et al., [115,116] proposed to study the
SSB-DNA interaction by which the DNA construct consists of a relatively long DNA
duplex, to which ssDNA of the desired length is attached [Fig. 2.15(a)|. In the air,
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Figure 2.15: AFM approach for studying protein-DNA interactions - (a) Schematic
presentation of the formation of the complex between the SSB tetramer and (1) the tail-DNA
substrate and (2) the gap-DNA substrate. DNA duplexes are shown as blue lines, ssDNA is
depicted as green lines, and SSB is shown as red spheres. (b) AFM image of dsDNA with a
region containing ssDNA at its end [115]. (¢) AFM images for complexes of SSB with hybrid
DNA of different types. (1) and (2) are AFM images of complexes with 5-tail-DNA and
gap-DNA| respectively. The insets show the schematic presentations of the complexes [116].

AFM images clearly show the difference between dsDNA and ssDNA through the dif-
ference in height and thickness [Fig. 2.15(b)|. The SSB-DNA interaction changes for
the ssDNA region in the middle or at the helix end. If the protein binds specifically to
tail DNA, the complex attaches only to one end of the hybrid DNA [Fig. 2.15(c,left)],
while specific interactions with gap-DNA lead to the complex formation in which the

protein is located inside the design [Fig. 2.15(c,right)].

2.5.4 Study the biological process in real time

Another interesting application of AFM is to power biological processes in real-time.
For example, Lyubchenko et al., [101] studied the dynamics of protein-DNA complexes
using time-lapse AFM. Through quantitative analysis of the nucleosome core particle
AFM images [Fig. 2.16(a)|, they found that the wrapping DNA turns around the

histone cores were not constant, indicating spontaneous dynamics of nucleosomes. To
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Figure 2.16: AFM experiments to study the dynamics of the nucleosome particle
- (a) AFM image of nucleosomes in air. The image represents nucleosomes with different
amounts of DNA wrapped around the core particle. (b-top) Time-lapse AFM experiments
for seven consecutive frames illustrating the dynamics of the nucleosome particle. The scan
size is 150 nm. (b-down) The variability of arm length (left y-axis, black) and protein volume

(right y-axis, blue) is shown with respect to the imaging frame number (x-axis) [101].

understand the chromatin dynamic feature, they observed the interaction between the
nucleosome core particle in which DNA is slightly longer than needed for wrapping
around the histone core [Fig. 2.16(b)]. Finally, they observed that the nucleosome
core particle dynamics are accompanied by the elongation of both DNA arms and the

decrease of the blob size.

2.6 Mechanical properties of DNA

Stretching individual biomolecules can be achieved by a variety of techniques [118§]
including flow stress, AFM, micro-needles, optical tweezers, and magnetic tweezers.
These techniques allow the measurement of forces from 10 femtonewtons to hundreds of
piconewtons. Different biological molecules have now been analysed, and the accuracy
of these techniques has sufficiently improved so that the theoretical models used to
analyse force curves must be refined. In particular, Bustamante et al., [119] have shown
that the force-extension diagram of a DNA molecule is well described by a worm-like
chain (WLC) model, allowing the theoretical modelling of elastic properties of DNA.
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The WLC model was developed in polymer physics and is the more complex model

describing ideal polymer chains. Other models describing polymer chains are:

e Free-jointed chain model: The chain is composed by rigid segments. The con-
nection points are ideal, so no energy is needed to change the position of each
segment. All segments, positions and rotations are equally probable. A random

walk can describe the state of the chain.

e Free-rotating chain model: In this model, the segments are free to rotate, but the
angle between segments is fixed, given the first approximation to the chemical

bonds inside the molecule.

e Hindered rotation model: assumes that potential energy modulates the torsion
angle. This makes the probability of each torsion angle proportional to the Boltz-

mann constant. A statistical mechanics description of the system is needed.

e Rotational isomeric state model, the allowed torsion angles are determined via
the minimal energy state in the rotational energy potential. Bond lengths and

bond angles are constant.

e Worm-like chain model: In this model, polymers are not completely flexible;
bending them requires energy. This additional criterion defines a new parameter,
the persistence length P. At a chain length scale below P, the polymer behaves

more or less like a rigid rod.

In particular, the WLC model has been used in several articles to describe elastic
properties of DNA, and RNA strands [105,118,120-123]. In the WLC model, the poly-
mer is treated as a straight, relatively stiff rod made up of a continuous, homogeneous,
isotropic material. The chain elastic behaviour is assumed to be purely entropic, i.e., at
finite temperatures, thermal fluctuations induce local curvature in the polymer, making

it bend and deviate smoothly from the straight configuration.

An important result of the WLC model is that the average directional correlation

between two segments in a polymer decreases exponentially with their separation [118|:

(cos(9)) = (a(s) - (s')) = exp™ V" (2.1)

where (s) and u(s") are the unit vectors tangent to the chain at positions s and s,
respectively. P acts as the decay length through which the memory of the polymer

initial orientation persists. The persistence length is a statistical mechanical quantity
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whose value depends on the mechanical properties of the chain through its bending
rigidity x, and on the magnitude of the statistical deformations induced in the polymer
by the energy of the thermal bath: P = k/kgT [124].

In particular, the correlation between orientations of differents segments vanishes
for a far enough segment: after a certain length, known as P, the molecule can bend
or twist easily due to thermal fluctuations energy. As a practical example, we can
think about the garden hose, which is easy to fold and roll on itself. However, if we
cut a short enough segment, it will be difficult or even impossible to bend it. In this
thesis, we developed an automatised code in Matlab capable of measuring the molecules
persistence length from the AFM images. The procedure is similar to the one followed
by Lamour et al., [121]|. In this article, they analysed AFM images of the individual
amyloid fibril.

The persistence length P of a sample of individual polymeric chains can be obtained
via three distinct measures derived from the worm-like chain model (WLC) for semi-

flexible polymers:

1. From the angle 6 between segments of the same length [ [Fig. 2.17(a)].
2. From measuring the end to end distance on the molecules [Fig. 2.17(b)].

3. From the mean square of the deviation ¢ to secant midpoints, as a function of [
[Fig. 2.17(c)].

These three differents methods lead to correlations between the length of the seg-
ment [ and a second parameter having information about the orientation, in particular

(cos()), (R?), (6%), of each segment as we can see in figure 2.17(d,e,f).

In chapter 4.1.5 we will measure the persistence length for DNA molecules with /without
R-loops objects in order to describe how these objects change the mechanical proper-
ties of the DNA. Also, we will try to correlate the results with the pathological or
physiological behaviour of the R-loop object.

2.7 Our work in this context

How the same R-loop can be either positive regulators or have a negative impact induc-
ing pathological DNA strand remains an open question. Although strong determinants

of R-loop formation have been identified, little is known about their architecture. In
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Figure 2.17: Models to determine polymer chains persistence length - The data were
generated from three different amyloid fibrils, and they are represent in red diamonds, blue
squares, and green circles. The persistence length P is obtained via three distinct measures
derived from the worm-like chain model (WLC) for semi-flexible polymers: (a,d) Correlation
between the angle (#) and the length of the segments I, (b,e) mean square of the end-to-end
distances R, and (c,f) mean square of the deviations ¢ to secant midpoints, as a function of

1 [121].

particular, how the single-stranded DNA is organised and established has yet to be
fully addressed experimentally. It is conceivable that it could recruit specific proteins
and/or form secondary structures, opening the possibility that the R-loop architec-
ture is variable and dependent on various parameters such as size or sequence. In this

context, we can ask the following questions:

e Can we visualise an R-loop, can we characterise their morphology and extract

their mechanical properties using AFM imaging?

What is the conformation of R-loops? Can we quantify the amount of DNA

contained inside the object and its position in the chain?

Is the DNA sequence an important parameter in the R-loop structure?

What is the difference between the positive regulators and pathological R-loops?

In the next chapters of this thesis, I will present the experiments and analyses to

answer those questions.
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Chapter 3

AFM image analysis to characterise
R-loop formation in DNA
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Summary

This chapter focuses on characterising R-loop formation in transcribed DNA by Atomic
Force Microscopy (AFM). We will show in detail the image analysis performed on the
AFM images to characterise these structures. The analysis of the images was carried
out using Matlab, allowing a semi-automatic treatment. The next chapter will show

the results obtained for different conditions, such as the R-loop morphology for two

genes capable of generating these structures.
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3.1 R-loops purification

The formation, purification and biochemical characterisation of all the samples was
carried out n witro by Vincent Vanoosthuyse and his team at the Laboratoire de
Biologie et Modélisation de la Cellule (LBMC), ENS in Lyon. We analysed two gene
types capable of generating R-loops during the transcription process: the airn gene and
the sum3 gene. The DNA that contains these genes are, initially, circular plasmids.
The airn gene was analysed using the plasmid pUC57 (4050 bp) and the plasmid pFC53
(3991 bp). In contrast, the sum3 gene was only analysed using plasmid pUCH7 (4641
bp) [Fig. 3.1]. In the following, we will explain the main steps to produce and purify
the R-loops after DNA transcription in wvitro.

The transcription process was realized by incubating 1875 ng of circular plasmids,
50 U of T3 RNA polymerase (Promega) in a transcription buffer (40 mM Tris-HCI,
pH 7.9, 6 mM MgCI2, 2 mM spermidine, NaCl 10mM, 20 mM DTT, 0.05% Tween-20)
containing 0.25 mM rATP, rCTP, rUTP and rGTP (Promega) for 30 min at 37° C |Fig.
3.2(a)]. The T3 polymerase was then quenched by incubating the reaction at 65° C for
10 minutes [Fig. 3.2(b)]. Then, 750 ng of transcribed plasmids were incubated in the
CutSmart buffer (New England Biolabs) containing appropriate restriction enzymes
and 2U of RNase H to remove the RNA-DNA hybrid (from E. coli, ref. 10786357001
Roche) [Fig. 3.2(c)]. Restriction enzymes identify specific particular sequences and cut
DNA at that point. For the plasmid pFC53 we used the enzyme Apall, the plasmid
pUCHT7-airn with the enzymes Kpnl and HindIII, and finally, in the plasmid pUC57-
sum3 have used the enzymes BamHI and Xbal [Fig. 3.1]. After 140 minutes at 37°
C, the NaCl concentration was brought to 500 mM, and 0.4 /mug of RNase A was
added over 20 minutes at 37° C to digest soluble RNA [Fig. 3.2(d)|. Finally, the DNA

was purified using chloroform and isopropanol precipitation and resuspended in 10mM

T3
° Kpnl ApaLl
pUCS57-airn > pFC53-airn ‘ pUCS57-sum3
4050 bp A= 3991 bp 4641 bp

Restriction
sites of the enzyme

° HindIII

Figure 3.1: Maps of the plasmids - pUC57-airn was digested with Knpl and HindIII.
pFC53-airn was digested with Apal.l. pUC5H7-sum8 was digested with BamHI and Xbal. The

scissors in the diagrams represent the points where the plasmid was cut.
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Figure 3.2: In vitro transcription of R-loops - (a) Incubation of 1875 ng of circular
plasmids, 50 U of T3 RNA polymerase (Promega) in a transcription buffer (40 mM Tris-
HCI, pH 7.9, 6 mM MgCl2, 2 mM spermidine, NaCl 10mM, 20 mM DTT, 0.05% Tween-20)
containing 0.25 mM rATP, rCTP, rUTP and rGTP (Promega) for 30 min at 37° C. (b) The
T3 polymerase was then quenched by incubating the reaction at 65° C for 10 minutes. (c)
750 ng of transcribed plasmids were incubated in the CutSmart buffer (New England Biolabs)
containing restriction enzymes and 2U of RNase H to remove the RNA-DNA hybrid (from
E. coli, ref. 10786357001 Roche). (d) After 140 minutes at 37° C, the NaCl concentration
was brought to 500 mM, and 0.4 ug of RNase A was added over 20 minutes at 37°C to digest
soluble RNA. (e) The DNA was purified using chloroform and isopropanol precipitation and
resuspended in 10mM Tris.

Tris. DNA was run on 0.8% agarose gels prepared in 1x TBE with no intercalating
agent [Fig. 3.2(d)].

3.2 AFM deposition and imaging

It is necessary to observe the R-loops at the individual molecule level to address this
study. Since the double helix of the DNA molecule is approximately 2 nm in diameter,
we use an AFM, allowing us to obtain images of isolated molecules with a resolution

at the nanometer scale.

To dilute the concentration and adhere the DNA molecules to the mica, we diluted 5
ng of purified DNA in TM buffer (10mM Tris, pH 7.4, 5mM MgCl2). Then, the sample
was loaded onto mica for 2 min [Fig. 3.3(a)]. The DNA adhesion was successful since
the mica disk was previously cleaved using scotch tape to obtain a charged and flat
surface. Then, the sample was washed with 1 ml of ultrapure water and dried gently

using a nitrogen flow [Fig. 3.3(b-c)].
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Figure 3.3: Sample protocol for the AFM - (a) 5 ng of purified DNA was diluted in TM
buffer (10mM Tris, pH 7.4, 5mM MgCl2). Then, the sample was loaded onto mica for 2 min.
After that, the sample was washed with 1 ml of ultrapure water (b) and dried gently using a

nitrogen flow (c).

The images have been obtained using Tapping Mode TM in the air. The TM tech-
nique maps topography by lightly tapping the surface with an oscillating probe tip,
reducing lateral friction forces, and imaging fragile molecules such as DNA. The can-
tilever used, TESP-300, have a nominal stiffness of 40 N/m with a resonant frequency
of ~ 300 kHz. The images are 3 pum wide, a resolution of 512 x 512 pixels and a scan

frequency of 2 Hz.

3.3 AFM image analysis

All images were edited using the NanoScope Analysis program before treating them
in Matlab. This program allows us to remove the tilt and low noise frequency in
the image, which appears as horizontal shifts or stripes [Fig. 3.4(a)]. The Flatten
command eliminates non-thermal-mechanical drift in the piezoelectric scanner. It uses
all portions of scan lines to calculate individual least-square fit polynomials for each
line and thus obtain a flat image [Fig. 3.4(b)]. Once the image inclination and noise

have been eliminated, we analyse the images with the Matlab program.

3.3.1 Algorithm used to extract R-loops properties

We have made a quantitative analysis of the R-loops formation properties in the DNA
molecules, working with the automatised program that I developed during my PhD. It is
possible to get a complete selection of the DNA molecules and study its properties. The
algorithm has relevant four section: obtain the DNA molecules, selection DNA
molecules with R-loops formation, skeletonisation of the DNA molecules

and finally, obtention of the properties of R-loops formation.
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Figure 3.4: AFM images od DNA - (a) Original image. (b) Flattened image using

NanoScope Analysis program.

3.3.2 Isolating DNA molecules

The first edition in the image is an interpolation; this process allows smoothing the
molecule profile and increasing image resolution [Fig. 3.5(b)]. We used the interpo-
lation type "spline". The image size was increased, doubling the number of pixels,
optimising the resolution without demanding too much processor memory and not
increasing the calculus time. Although this process allows us to have a well-defined
DNA molecules profile, it is not enough to isolate the surface DNA molecule. A salt
layer is present in the image [126], reducing the edge definition on the molecule. As
a consequence, we used a spatial filter (Bitonic filter [125]) to remove the image noise
keeping the details of the edge of the structures [Fig. 3.5(c)]. This filter advantage
is that the distribution peak (representing the molecules concerning the surface peak)
is well-differenced. To establish the threshold value between the molecules and back-
ground peak, we used Otsu’s method ' [127] of the function graythresh of Matlab or
fixed manually, depending on the image quality [Fig. 3.5(d)|. It performed an area
filter using the function bwareaopen. This function allows us to select structures with
different areas, so we only studied structures with a minimum area of 2000 nm? and
maximum area 25000 nm? [Fig. 3.5(e)]. Since we only want to study free and undis-
turbed molecules, it is necessary to remove those touching the image edge because they
are not complete. Besides, some impurities are detected (it is possible to see them in
the images 3.5 (a), (b) and (c) as yellow dots |[Fig. 3.5]) which have a greater intensity

than the molecules of DNA. These impurities and any molecule that are in contact

LOtsu’s thresholding method involves iterating through all the possible threshold values and calcu-
lating a measure of spread for the pixel levels on each side of the threshold, i.e., the pixels that either
fall in foreground or background. The aim is to find the threshold value where the sum of foreground

and background spreads is at its minimum.
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Figure 3.5: Treatment to extract the DNA molecules in Matlab - (a) Flatted image
(b) Interpolation of the flattened image, where we double the number of pixels. (¢) A spatial
filter was applied, reducing the image noise and establish a great difference between the
molecules and background in the image [125]. (d) Height filter of ~ 0.2 nm applied to select
the DNA molecules. (e) Area filter applied to remove structures smaller than 2000 nm? or
bigger than 25000 nm? (for short Matlab, the minimal and maximal area is 1000 nm? and
10000 nm?, respectively). (f) We remove the molecules that are touching the edge of the

image. Then, the binary image is multiplied by the original morphological image.

with it were removed. When the molecules are finally isolated, the binary image was
multiplied by the original morphological image (|Fig. 3.5(b)|), resulting in an image
that has the topography of the original image [Fig. 3.5(f)], but does not have noise

and /or impurities.

3.3.3 Selecting DNA molecules containing R-loop objects

As we can see in the final image that has been previously treated [Fig. 3.5(f)], the DNA
molecules contain objects (in yellow) with a height greater than DNA. These objects
are identified as R-loop. To select the DNA molecules with R-loop, we coupled a height
and area filter. We look at the intensity distribution of each molecule [Fig. 3.6(a)|. In
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Figure 3.6: Selection DNA molecules with R-loops formation - (a) A DNA molecule
without R-loops is described by Normal distributions, and the binomial distributions describe
molecules with R-loop objects, where the first and second peak represent the height of the
DNA and R-loop object height, respectively. (b) Example of a molecule containing an R-loop
object. The green (left) and pink (right) region represent all pixels with height greater than

h1 and hs, respectively. An area threshold is applied to remove small objects and noise.

the first place, the DNA molecules distribution without objects is a normal distribution,
and when the DNA molecule has objects, a binomial distribution is observed. In order

to unambiguously identify R-loop, a series of thresholds was applied.

First, we used a hysteresis thresholding protocol: the height distribution was first
fitted with a single Gaussian function to obtain hg = mg + 2sg, where mg and sg are
respectively the mean and standard deviation of the Gaussian fit. Every pixel with
height h > hg was then removed from the height distribution, and a new Gaussian
function was fitted to the new height distribution (mean value m and standard devi-
ation) [black line of Fig. 3.6(a)]. A first height threshold (h; = m + 3s) was applied,
and only pixels with A > h; were selected [green object Fig. 3.6(b)]. To identify the
whole object, pixels linked to those objects with height h > hy (hy = m + 2s) were also
considered as part of the object [pink object Fig. 3.6(b)].

We only considered R-loops whose minimal area was more than 150 nm?. This
threshold was determined to strictly discriminate real R-loop objects from the height

fluctuations observed on DNA molecules adsorbed on a flat surface.

In some cases, we noticed that DNA molecules contain two R-loop objects. The
analysis of the R-loop object position in the DNA molecule (later chapter) shows
that these two objects are located in two characteristic positions of the R-loop in the
plasmid configuration. However, rare cases are visualised (=~ 1% of molecules), so it

is impossible to perform a quantitative analysis. Therefore, DNA molecules with two
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Figure 3.7: Treatment to obtain the skeletonisation of the DNA molecules in
Matlab - (a) Original DNA molecules. (b) Skeleton of the molecule with spines (red colour).
(¢) Spines of 1-pixel removed (this process is performed because, on some occasion, the skeleton
is perfect except for 1-pixel spines). The red circles indicate the place where 1-pixel spines
were removed. (d) We remove spines with a length greater than 1 pixel. This process generates
a reduction of the total length of the skeleton (yellow circles). (e) Spines connected only to

the ends of the skeleton are relocated to correct the previous operation.

R-loop objects are excluded from the analysis.

The type of object was assigned manually [see Fig.3.9 and section 3.3.5]. By com-
paring all the AFM experiments results, we established that we could not estimate the
relative proportion of each type of objects with better accuracy than 10% (standard de-
viation). For each selected R-loop object, the topographic information extracted from
the image allowed us to measure its height, area, and volume precisely [see section
3.3.5].

3.3.4 DNA molecule skeletonization

To measure the DNA length and/or the R-loop object position, we use the DNA
molecule skeleton. The skeletonisation process is characterised mainly by recursive

and conditional operations instead of morphological operations such as dilation, ero-
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Figure 3.8: Representation geodesic distance in a matrix- The matrix represent

geodesic distance of the skeleton between a reference pixel (endpoints) and the others.

sion, opening, and closing. These morphological operations reduce the total molecule
skeleton length and make it difficult to obtain a one-pixel skeletonisation width, result-
ing in problems obtaining the total skeleton length. The steps we used to optimise the

skeletonisation process are described here:

e Skeletonization: the skeletonization process is developed using the bwmorph func-
tion with the “skel” operation in Matlab. The problem to perform this operation

is that the skeleton is not perfect; spines are created in the process [Fig. 3.7(b)].

e Remove 1-pixel and more than 1-pixel spines: to identify skeleton spines, we need
to find the skeleton end-points and branch-points. Then we used the “bwmorph”
function with the “endpoints” and “branchpoints” operations. We measured the
distances from each end-points to each branch-points using the “bwdistgeodesic”

function with the “quasi-euclidean ” method |Fig. 3.8|.

Then, when the distance between the endpoint and branchpoint is 1 pixel, the
spine is removed. We perform this operation first because, on some occasions,
the skeletonisation of the molecule is almost perfect except for 1-pixel spines. At
the end of this operation, we verified that the skeleton is perfect, and then the
molecule is free of the next edition. Otherwise, we repeat this operation but for

spines with a length higher than 1 pixel.

e Add deleted longer spines to the skeleton: when spines with a length greater
than 1 pixel were removed, one pixel at each end of the skeleton is also removed
[Fig. 3.7(d)| causing the skeleton length to be less than the real length of the
molecule. Therefore, we must do the inverse process and add the spines in the
skeleton endpoints to recover the original length [Fig. 3.7(e)]. After, we verify
that the skeleton has only two endpoints and is free of spines. If the skeleton still

has spines, the step is repeated.
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Figure 3.9: DNA molecules types - Images obtained with AFM. Three types of R-loop
objects are identified: Blobs (left). Loops (centre) and Spurs (right) objects.

We should mention that the skeletonisation process is complicated because of the
different form or size of the R-loop objects and how they are combined with the DNA
molecules. Consequently, we developed seven types of skeletonisation to cover all types
of molecules. However, the strategy explained before was successful in obtaining a
perfect DNA skeleton. We identified three types of molecular shapes: blobs, spurs and
loops. Blobs represent R-loop objects aligned on the DNA molecule is the main axis,
while spurs come away from this axis; loops correspond to objects formed when a blob
is located at the base of a loop of DNA regular height [Fig. 3.9].

3.3.5 Obtention of the R-loops properties

The ideal case to analyse the molecules is when no perturbations are present in the
DNA.

The script identifies the free molecules when the skeleton has only two endpoints
and when the DNA is not coiling and touching it. In any other case, the molecules

were excluded from our analysis. The analysis could be presented in three main steps:

e Distance: The skeleton length is measured using the quasi-Euclidean distance
but excluding the skeleton part containing the objects [Fig. 3.10(a), white line
on the object|. Tt is also possible to calculate the distances to the nearest and the
furthest DNA end using the skeleton length and the object position [Fig. 3.10(b),

purple and orange line, respectively].

e Angle: The DNA skeleton was fitted with a straight line up to 5-pixel contour
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Figure 3.10: Properties obtained from the DNA that contains R-loop objects -
(a) Image show the DNA with R-loop objects and their skeleton in black. From the DNA
skelonization we obtained (b) the length of the DNA skeleton, (c) the position of the R-loop
object on the DNA and (d) the angle that this object generates in the DNA.

length distance ( 15 nm) emanating from a single point on the edge of the object
(maximum height value along with the skeleton object). This determines the
angle formed between the DNA strands entering and exiting an object. The
angle 6 between the two lines was then measured using the Al-Kashi formula:
> = a® + b* + 2abcos(a), where a and b are the 2 DNA arm lengths and ¢ the
length of the triangle third side.

e Morphology: The average of 5 angles measured, along with one molecule skeleton
at random positions, was considered for each DNA molecule containing no R-loop
objects (not transcribed sample) to obtain the reference angle. The morphological
properties were measured directly from the R-loop object structure, such as the
area (numbers of pixels size) and the volume (adding the number total of pixels;
each pixel has a number associated with the height). Other properties were
measured; for example, the R-loop is the maximum height and the angle that the

R-loop generates in the molecules |Fig. 3.10(d)].
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3.4 Conclusions

Here, we developed an algorithm in Matlab that obtains the DNA molecule skeleton
length and selects the DNA molecule R-loop objects. Additionally, we determine the
position in which the R-loop object is inserted into the DNA molecule. Three types
of conformations were identified, which we called blobs, spurs, and loops. Next, we
will apply this analysis to characterise the R-loop morphology, its effect on DNA and

compare different conformations that these structures can generate.
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Chapter 4

Quantitative study of R-loops
formation in DNA using AFM
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Summary

We quantitatively characterise the R-loops objects formed in the airn and sum3 model
genes through the image analysis. We compare the morphological characteristics of

the R-loops formed for different DNA constructions of the airn genes template. The
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main properties that we studied are the DNA length in the R-loop presence, the R-loop
position over DNA and the fold in the DNA molecule generated by this structure. In
this chapter, the results are shown in the following order: (i) We analyse the R-loops
formed on the airn gene for the mentioned parameters. (ii) We verify that the studied
objects are not due to G-quadruplex conformations. (iii) We probe conformational
changes in the R-loop object caused by mutations in the airn gene. (iv) Finally, we
compared the sum3 gene, which can generate R-loop during the transcription process,

but no objects.

4.1 Airn gene

As mentioned in the previous section, we studied two genes capable of generating
R-loops during the transcription process: the airn and sum3 genes. As seen by bio-

chemical methods. In the following section, we show the analysis for the airn gene.

4.1.1 R-loops visualisation

The airn gene was encoded in two plasmids, the plasmids pUC57 and pFC53, cut to
produce two fragments of difference size, one containing the airn gene, where the R-loop
is produced, and a backbone DNA. For the two constructions, the R-loop object is in the
short (pUCH7) / long (pFChH3) fragments, whereas the backbone DNA control fragment
is long (pUCHT) / short (pFc53). Figure 4.1(a) and 4.1(b) shows the AFM images of the
two plasmids, respectively. In an AFM image, the colour represents a height difference
in the sample. Therefore the position of the R-loop object is easily seen as the bright
part of the molecule. We study the results obtained with the plasmid pUC57 since this
configuration generated many objects displayed in the AFM images and then allowed
us to develop a more effective analysis. The pUC57 plasmid configuration is made up
of two fragments, the short fragment of DNA associated with the encoded region of
the airn and the long fragment associated with the plasmid backbone. The latter used

as a control reference for the same sample.

The analysis is carried out in three different configurations, (i) Not transcribed, (ii)
transcribed and (iii) transcribed and treated with the RNase H enzyme. Sample (i) [Fig
4.1(a)] visualises homogeneous DNA molecules, that is, without height differences on
each molecule. In this case, the DNA molecules were not transcribed, and we used them
as a reference. Besides, it is possible to visualise two sizes, long and short fragments, as
expected. The AFM image of the sample (ii) Figure 4.1(b) shows that DNA molecules
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Figure 4.1: Airn: AFM images - AFM images for not transcribed, transcribed and
transcribed+AH cases. (a) pUCH7-airn plasmid and (b) pFC53-airn plasmid. The white
squares show some DNA molecules containing R-loop-objects. The colour difference represents

a height difference of the sample.

have a specific area and a height greater than the mean DNA (displayed as a colour
difference in the image). Some of those molecules were marked in white. Finally, in the
sample (iii), the DNA molecules were transcribed, but an enzyme capable of digesting
the RNA-DNA hybrid was incorporated. The R-loop object size is reduced or and we

noticed that there are fewer DNA molecules with R-loop objects.

4.1.2 R-loops quantification

Once we have identified the R-loops objects in the AFM images, we perform a thorough
analysis of these structures. The appearance quantification of these objects is shown in
figure 4.2(a). Higher regions relative to DNA height are observed when DNA molecules
have not been transcribed, 10% approximately. This difference could be related to small
fluctuations when the sample is being scanned, generating noise artefacts smaller than
the R-loops size. In the second case, when the sample is transcribed, around 80% of
the fragments contain R-loops. A decrease in R-loops frequency, 20% of the fragments,

occurs when the RNase H enzyme is present. From this point, the R-loops visualised
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Figure 4.2: pUCS57-airn: skeleton length for all molecules - (a) Object frequency in the
DNA molecules for not trancribed (NT), transcribed (+)A and transcribed + AH (+AH) cases
(n = 4 independent experiments; error bars represent the standard deviation). In pUC57-
airn case, airn gene is present on the short fragment. (b) Probability density of the DNA
skeleton length of all the molecules analysed (both long and short fragments) in the indicated

conditions (with and without objects).

in the AFM images are called "R-loop objects".

According to the analysis protocol described above, we accurately measure the skele-
ton length of each DNA molecule, both long and short fragments, with and without
R-loop objects [Fig. 4.2(b)]. The long fragment length is used as a control parame-
ter between the three conditions, untranscribed, transcribed and transcribed with the
enzyme RNase H (green, orange and red lines, respectively). We can see the long frag-
ments distribution (or the main plasmid backbone) are overlap, and it is consistent with
the fact that no objects should be observed on this part of the plasmid. Additionally,
the short fragment, specifically for the untranscribed sample, is used to determine the
conversion factor between nm and bp units. The length of the short fragment measured
using the AFM images is 440 nm, where the value obtained is equivalent to 1375 bp;
therefore, 1 bp is 0.32 nm approximately. If we look at the transcribed short fragments,
there is a shortening in the skeleton length (orange line), although this length tends to
recover if the sample has the enzyme that eliminates the RNA-DNA hybrid (red line).

Among the 1283 DNA molecules containing R-loop objects, we identified three
configurations of these objects on the DNA [Figure 3.9]. Structures that have their
centre of mass on the skeleton of DNA molecules are called "Blobs". On the contrary,
structures that have their centre of mass outside the skeleton of DNA molecules are
called "Spurs". Finally, structures that present a loop with DNA are called "Loops".
We found that 45% of the objects are spurs objects, followed by blobs objects, with
30%, and finally, loops objects with 25% |[Fig 4.3(a)]. The objects spurs and blobs
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Figure 4.3: pUC57-airn: R-loops objects types - (a) Probability of the different types of
R-loop objects (n = 4 independent experiments; error bars represent the standard deviation).
(b) Probability density for blob, spur, and loops objects. (c¢) Estimated amount of DNA

caught in each type of R-loop objects (mean +standard error).

present a more significant reduction in the DNA length |Fig 4.3(b)]. As mentioned in
the previous section, the total DNA length is mainly calculated as the sum of the arms
from the point closest to the object centre of mass. However, there is a section of the
DNA in loops that we did not consider in the calculation of the DNA total length,
that is, the DNA loop roll over the object [Fig 3.9]. Hence, DNA reduction can be
seen as the amount of DNA in the R-loop object. Figure 4.3(c) shows the average and
standard deviation values of DNA length contained in the object, where the amount of
DNA in blobs is ~ 50 nm, smaller than the other two types of objects, the amount of
DNA contained in loops is ~ 95 nm higher than the amount contained in spurs ~ 82

1.

4.1.3 R-loops object morphology

Using the R-loop objects morphology analysis, we studied the correlation between the
R-loop object volume and skeleton length to understand the length reduction of the
DNA when the object is present. Figure 4.4 shows the correlations on a 2D probability
density graph and his respective 1D projections. We noticed that higher volume R-loop
objects generate a reduction in skeleton length, establishing that the larger the object,
the more DNA is contained. On the other hand, observing the treated sample with
the RNase H enzyme, the population or section with the most significant probability
presents a smaller volume than the population of the transcribed sample (without the

RNase H enzyme), consistent with the peak of the skeleton length distribution being

70



4.1. AIRN GENE YERALDINNE C.

(a) > (b)
=2
o7
S g
23
600 A x1073
— 550 +A (N=1283)| N +AH (N=499)
BN +AH
E 500 15 o
< g g
400 3 ;
g 350 : ;;
2 300 05°< <
=2 250
200; S S 200400 600800 0 200400 600 800
S < Object volume (nm?) Object volume (nm?)
Probability
density

Figure 4.4: pUCSH7-airn: correlation between R-loop objects and skeleton length
- (a) 2D probability density plots showing the correlation between the skeleton length and
the objects volume for +A sample. The 1D probability density plots of the skeleton length
and object volume are the respective projections of the 2D probability density. (b) Same as
(a) but for the +AH sample.

close to the peak of the non-transcribed sample.

To understand the relationship between the DNA reduction and the R-loop object
type, we analysed the correlation between the DNA length and the object volume [Fig
4.5]. We found that the average value of the population, concerning the object volume,
is lower than the other two types of objects, generating molecules with blob objects
showing less DNA length reduction. If we compare the objects spurs and loops, we see
that the volumes of the objects are different, although the reduction in the DNA length
is the same, this is consistent with the fact that in the case of loops, they contain a

loop of naked DNA of regular height also.

4.1.4 R-loops object position on the DNA template

The skeletonisation of the DNA molecules allowed us to calculate each molecule length
and the R-loop object position over the DNA. We defined two parameters to represent
the position: the distance to the (i)nearest and (ii)furthest end of the DNA. We showed
that the position of the object is not symmetric [Fig 4.6(a)].
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Figure 4.5: pUC5T7-airn: correlation between the R-loop objects serotypes and
skeleton length - 2D probability density plots showing the correlation between the skele-
ton length and the objects volume for each category of R-loop objects. The respective 1D

projections of each probability density function are also shown.

The R-loops object position is compared with the position obtained using single-
molecule R-loop footprinting, performed by F. Chedin [128]. Even though the AFM
does not allow to identify of the DNA orientation, the data sets have a better agreement
when it is assumed that the distance to the nearest end represents 5’ of the airn [Fig
4.6(b)|. Analysing the position of the R-loop object, differentiating the type of object,
we found that the distance to the nearest end is the same for the three objects, but
not for the distance to the furthest 3" end [Fig 4.6(c)|]. This observation is consistent
with the idea that the starting position is conserved between objects, while their end

position varies depending on their size.

4.1.5 R-loop objects generate local bends in the DNA

R-loop objects generate a marked angle in the DNA molecule, suggesting that these
objects mechanically restrict circulating DNA [Fig. 4.7]. We noticed that spurs objects
generate a larger marked angle than blob objects, implying that the internal organi-
sation differs between the two R-loop forms. To formalise these observations, we have
determined the persistence length in the absence/presence of the R-loop objects. The
persistence length is a quantity that allows measuring the flexibility of a polymer sub-
mitted to thermal fluctuations. In other words, the elasticity of double-stranded DNA
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Figure 4.6: pUC57-airn: position of the R-loops objects - (a) Distance to the nearest
DNA end (purple) and to the furthest DNA end (orange) measured for all objects. (b) The
position of R-loop footprints was compared to the positions of R-loop objects detected by
AFM. The overlap between the two sets of measurements is best when one assumes that the
nearest DNA end represents the 5’ of airn. (c) Distance to the nearest DNA end (purple) and
the furthest DNA end (orange) measured for each R-loop object and represented as boxplots.
The notches in the boxplots indicate the 5% uncertainty mark around the median. P-values
were determined using the Wilcoxon Mann Whitney statistical test (***P< 0.001; **P< 0.01).

can be described by its persistence length. Therefore, determining these mechanical

parameters can be fundamental to understanding the interaction between R-loops and
DNA molecules.

In particular, we used the method described in [Fig. 2.17(a)] to obtain the per-
sistence length from our AFM images. The molecule is divided into several segments
of the same length, and we measured the angles between all possible segments per-
mutations for lengths varying between 3% and 25% of the total molecule length. We
performed the measurements over long and short molecules; long molecules have a
length between 800 and 950 nm, while short ones have lengths between 300 and 600

nm. The measurements were carried out in molecules with and without R-loops ob-
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Figure 4.7: pUC57-airn: R-loop formation imposes mechanical constraints on the
surrounding DNA - (a) AFM images of molecules identified as blob (pink) and spur (green)
objects. (b) 2D probability density plots showing the correlation between the angle and the
object volume for the two types of the object mentioned. The angle formed between the DNA
strand going into the object and the DNA strand coming out of the object was measured.

The distribution of angles for molecules without objects was also established.

jects. In figure 4.8(a,c) we show the correlation between the angle cos(f) and segment
length [. Theoretically, this relation obeys:

(cos(0)) = exp 7P (4.1)

where P is the persistence length and 6 is the angle between two segments of length [
in the chain. Note that this equation is only valid in 2D and for the linear part of the
figure 4.8(a,c). To obtain the persistence length, we should determine until which value
of [ there is a correlation between the variables. To estimate this value, we calculated
the ratio of the even moments, i.e., the kurtosis of the distribution of § angle [120,121].
If the chains are fully equilibrated in 2D, then the 6 distribution is Gaussian [121] and

in the range where angles # are still fully correlated, the kurtosis results in:

< 0*1) >

= (4.2)

As shown in figure 4.8(b,d), the ratio between the even momentums is not exactly 3. To
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Figure 4.8: pUC57-airn: DNA persistence length without R-loop object - (a,c)
Orange and green circles represent data for transcribed and not transcribed DNA where 1283
and 255 molecules were analysed for the short fragment and 729 and 161 molecules for a long
fragment, respectively. Both graphs show the decay of tangent-tangent correlations, and P
was derived from the worm-like chain model to the data. (b) Kurtosis parameter for not
transcribed and transcribed DNA where the short fragment of the DNA was analysed. (d)
Similar to (b) but for the long fragment of the DNA. The grey region for the < cos(#) > and

4
::T((ll));g were determined from the median value of the kurtosis, i.e, the expected value 3.

found the cutting point, we minimised the difference between the expected value 3 and
the kurtosis medium value as a function of [. The limit for short and long molecules is
around 50 nm and 80 nm, respectively. We perform the calculation of the persistence
length over not transcribed molecules, used as a reference, and transcribed molecules
presenting R-loops. Using the cutting points and the respective fits over the curves,
we obtained a persistence length P = 79.2 nm and P = 68.2 nm for short and long not
transcribed molecules. In figure 4.8, the circles and error bars represent the median

and the standard deviations of the data.

For transcribed short molecules, we found P = 66.1 nm and P = 68.3 for tran-
scribed long molecules. A total around of 400 reference molecules were measured, and
around 2000 transcribed molecules. The persistence length that we found for the ref-
erence molecules agrees with [120,129] in similar conditions. The measurements show

that R-loops objects generate a change in the persistence length for short molecules,
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becoming 16% smaller. On the other hand, long molecules have a negligible chance of

0.14% in the persistence length, comparing transcribed and not transcribed ones.

As persistence length is a property independent of the chain length, we expected
to found the same value for short and long not transcribed molecules. The difference
between them could be explained, like the effect of the environment surrounding the
molecules where long molecules could present a lack of space and an induced rollover
itself, generating a smaller artificial persistence length. Hence, a comparison between
long and shorts molecules result inaccurate. Nevertheless, the persistence length for not
transcribed long molecules and transcribed long molecules are the same; this has sens if
we noted from the purification process explained in figure 3.1 that long transcribed and
not transcribed molecules are the same because the R-loop object always is contained in
the short segment. The difference found between short molecules could be attributed
to the R-loops object, but a more detailed analysis should describe the mechanism

related to P shortening.

4.2 R-loop do not result from G-quadruplex

Similar objects to what we studied were precisely visualised for airn and characterised
through AFM images [113|. However, in this case, the RNA-DNA hybrid loops were
generated by in wvitro transcription of the murine immunoglobulin Sv3 switch region.
The formation of objects was then attributed to the extruded ssDNA assembly into
G-quadruplexes (G4s).

Since the G-quadruplexes object stability is affected when the ionic composition of
the buffer changes. Replacement of K?T with Na?T and then with Lithium caused a
reduction in the percentage of the DNA that contains these structures, indicating the
G4s stability decline [113] [114].

We performed experiments in the presence of Li®* to check the objects we visualised
are not formations of G-quadruplexes. Then, Vincent Vanoosthuyse performed an in
witro transcription in a total absence of NaCl, which was replaced with 40 mM LiCl,
to destabilise the formation of G4. This variant of the protocol was carried out in
the initial stage of the purification |Fig. 3.2(a)]. Figure 4.9(a) shows the frequency
of objects in the presence and absence of Li**. The formations of objects show no
alteration; we count the same amount of DNA molecules with structures for both cases.
If we look at the DNA length as a function of the object volume, we see that the object

size does not change; therefore, the reduction of the DNA length as a consequence of
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these objects is the same [Fig. 4.9(b)]. The position of R-loops objects in DNA is also
constant, regardless of the type of the object [Fig. 4.9(c)].
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Figure 4.9: pUC5T7-airn: R-loop do not result from G-quadruplex - In wvitro, the
circular plasmid pUC5HT7-airn was transcribed in the presence (+LiCl) and absence (-LiCl) of
40 mM LiCl before restriction enzymes were used to separate the plasmid backbone from the
airn template. (a) Probability of R-loop objects. The proportion of the different types of
R-loops objects is also indicated. (b) 2D probability density plots showing the correlation
between the skeleton length and the object volume in the indicated conditions. (c) Distance
between R-loop objects and the nearest DNA end in the indicated conditions and for all
objects. (d) The position of R-loop footprints was compared to the positions of R-loop
objects detected by AFM.

Additionally, we did this analysis for a different plasmid, resizing the DNA that
contains the airn gene. As explained previously, the plasmid puC57 contains two
fragments, one long and one short, where the short fragment contains the airn gene.
In this new case, the situation is the opposite; the long fragment contains the airn gene,
hence the R-loop object. The long fragment contains 2745 bp, where the gene is located
between base pairs 542 and 1925. The first difference that we can see is the number of
DNA molecules that contain R-loops objects [Fig. 4.10(a)]. However, the addition of

Li** does not impact the frequency of objects, as well as the shape. The correlation
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Figure 4.10: pFC53-airn: R-loop do not result from G-quadruplex - The circular
plasmid pUC57-airn was transcribed in vitro in the presence or not of 40 mM LiCl, before
restriction enzymes were used to separate the plasmid backbone from the airn template. (a)
Probability of R-loop objects. The proportion of the different types of R-loops objects is
also indicated. (b) 2D probability density plots showing the correlation between the skeleton
length and the objects volume in the indicated conditions. (c) Distance between R-loop
objects and the nearest DNA end in the indicated conditions and for all objects. (d) The

position of R-loop footprints was compared to the positions of R-loop objects detected by
AFM.

between the length of the DNA molecule and the object volume remains constant in
both cases 4.10(b). On the other hand, the R-loop object position is similar; there is
no Li** dependency [Fig. 4.10(c)]. If we compare with the position obtained using
R-loops footprints, we see an agreement between both results [Fig. 4.10(d)]. Finally,
these results in both airn plasmid suggest that the objects that we visualise in the AFM
images are not formations of G4s but are the result of formations of lithium-resistant
structures in the extruded ssDNA.
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4.3 The mutation affects objects but not hybrid RNA-
DNA formation

To evaluate the possibility that R-loop formation would allow the G-stretch to form
secondary structures by interacting with other parts of the gene through either Watson-
Crick or Hoogsteen bonds, this motif was mutated without interfering with the R-loop
forming ability of airn. Then, the introduction of five G to A mutations in the G
stretch [Fig. 4.11(a)| did not affect the amount of DNA:RNA hybrids produced after
in vitro transcription [see the agarose gel results in [130]]. However, differences related
to the R-loop objects are observed. Figure 4.11(b) shows a decrease of at least half of
the observed objects when the gene is mutated and declining to 10% when the RNase
H enzyme is present. These observations suggest that the stretch of 14 G residues
is somehow involved in forming these secondary structures, and small changes in the

number of G residuals change the size of the secondary structure formed.

Comparing the correlation between the skeleton length and the object volume for
wild-type and G stretch mutant case, we can see a reduction concerning the object
size [Fig. 4.11(c)], although the mutant template was still able to produce blobs, spurs
and loops object. Alterations in object positions were also observed, mainly for blobs
and loops objects; a new position increased its probability of being generated [Fig.
4.11(d)]. The R-loops were distributed mainly into two clusters, with 22% and 88% of
the R-loop fingerprint mapping starting at position 100 bp and 400 bp approximately.

Additionally, the new position overlapped with the R-loop footprint minor cluster
position seen by the SMRF-seq method [130]. Frédéric Chédin’s group carried out
the SMRF-seq analysis. This main cluster or position matched well with a region of
predicted high R-loop favourability [62]. The new position in cluster 1 can also be seen
in the figure 4.6(a). The purple sample boxplot shows the main R-loop initial position,
but it is also possible to visualise several points between 0-50 nm corresponding to

R-loops generated in cluster 1, nevertheless with a lower frequency.

4.4 New R-loop object position

The pFC53 plasmid fragment that contains the airn gene was cut in the region where
the R-loops appear more frequently. As a consequence, the only possible region where
an R-loop could be generated will be in cluster 1 [yellow region Fig. 4.12(a)]; we will call

this construction as smairn. The new small fragment length is 584 pb, and the smairn
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Figure 4.11: pUC57-airn: The mutation affects objects but not hybrid RNA-DNA
formation - (a) Schematic representation of the mutated airn locus. (b) Probability of R-
loop objects (mean + standard deviation, n = 2). (c) 2D probability density plots showing the
correlation between the skeleton length and the objects volume in the indicated conditions.
(d) Distance between R-loop objects and the nearest DNA end in the indicated conditions
and for the different types of objects.

gene is between 36 pb and 504 pb. R-loops were formed on this smairn W'T gene.The
large-scale AFM images for the three conditions (NT, +A and +AH) are shown in
figure 4.12(b). The transcribed sample images clearly show the R-loops objects; two
molecules are magnified to better visualise these objects. Non-objects are identified in
the N'T sample, and rare objects are visualised in the +AH sample. Besides, a reduction
in size are presented in the last condition mentioned [single molecules for the NT and
+AH condition in figure 4.12(b)]. Confirming the AFM images qualitative analysis,
no molecules with R-loop objects have been counted in the NT sample [Fig. 4.12(c)].
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Figure 4.12: pFC53-small-airn: new R-loop position - (a) Scheme representing airn and
smairn. (b) AFM images of the not transcribed, transcribed and trascribed+AH templates.
Individual DNA molecules are molecules zoomed that are marked with white boxes in the
large images. (c) Probability of objects. (d) Probability density of the skeleton length of all
the molecules analysed in the indicated conditions. (e) 2D probability density showing the

correlation between the skeleton length and the volume of the object of 393 molecules.

From 393 molecules analysed, approximately 30% contains R-loops objects when the
sample is transcribed, and less than 5% of the molecules present R-loops object when
the RNase H is present. These results suggest that the R-loop generation in cluster
1 and cluster 2 are not correlated. The probability of finding R-loop objects only
in cluster 1 (smairn) is the same as when the entire gene is present in the molecule
[Fig. 6 in article [130]]. The probability density of the DNA skeleton length shows
a slight difference when the R-loop objects are present in the DNA molecule [Fig.
4.12(d)|. Although it is possible to differentiate between blobs and spurs, there are
no differences in size: we see this effect in the correlation between skeleton length and
volume for all types of R-loop object; no differences are identified according to the
R-loop type [Fig. 4.12(e)].
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In conclusion, these observations demonstrate the substantial agreement between
AFM mapping data and chemical footprinting data [130], establishing that the airn
contains two R-loop formation sites, where one of them is more stable, coinciding in
addition to the G-stretch ones. Mutations in the main cluster, involving only five
residues of 1375 nt long, generated an impact on the R-loop object architecture and

the position in which the R-loop is formed (secondary cluster).

4.5 Sumd3 gene

The analysis carried out on R-loops in the airn gene until now suggests that its archi-
tecture is a sequence-dependent secondary structure within the non-template strand.
Consequently, we evaluated the possibility that their architecture can distinguish R-
loops between different genes. Therefore, we analysed another gene for the purpose
to compare both structures. Vincent and Frédéric groups identify R-loops previously
in the fission yeast can form a comparable amount of R-loops as airn upon in wvitro
transcription [131]. The sum3 on agarose gel and dot blot analysis shows that R-loop
is present in this configuration [see figure 7a-b in [130]]. However, AFM images did
not show colour differences in DNA molecules, suggesting that although R-loops are
present, secondary structures are not [Fig. 4.13(a)]. We corroborated by looking at
the DNA molecule lengths, as it is not affected [Fig. 4.13(b)] as the airn gene does
[Fig. 4.2(b)]. These observations show that the extruded ssDNA at sum3 gene does
not form detectable R-loop objects.

In the same way, the persistence length did not show changes in the presence and
absence of R-loop objects [short fragment in figure 4.14(a)|. Therefore, and as we see
in the AFM images |Fig. 4.13(a)|, the presence of a non-detectable R-loop does not

generate mechanical constrains in the DNA molecule.

To conclude, our results demonstrate that R-loop formation does not necessarily
lead to the formation of R-loop objects detectable by AFM, suggesting that the ex-
truded non-template strand determine the three-dimensional architecture of R-loops

mn vitro.
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Figure 4.13: pUC57-sum3: the extruded ssDNA does not form detectable R-loop
objects - (a) AFM images for NT, +A and +AH conditions. The sum3 gene are contained
in the short fragment. (b) Probability density of the DNA skeleton length of all the molecules

analysed in the indicated conditions.
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Figure 4.14: pUC57-sum3: DNA persistence length without R-loop object - (a,b)
Orange and black circles represent data for transcribed and not transcribed DNA where 214
and 360 molecules were analised for the short fragment and 129 and 241 molecules for long
frangment, respectively. Both graph show the decay of tangent-tangent correlations and P
was derived form the worm-like chain model to the data. The grey region were determined

from the median vakye of the kurtosis, i.e, the expected value 3.
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4.6 Conclusions

We have studied the R-loops objects resulting from the in vitro transcription of AIRN
gene using the combination of AFM imaging in the air at very high resolution and
automated image analysis a large population of DNA molecules. Theses R-loops objects
disappear when RNase H is applied to digest DNA/RNA hybrids.

We have studied the R-loops objects resulting from the in wvitro transcription of
AIRN gene using the combination of AFM imaging in the air at very high resolution
and automated image analysis of a large population of DNA molecules. Theses R-loops
objects disappear when RNase H is applied to digest DNA/RNA hybrids.

The R-loops formations generate a G-stretch interaction with other parts of the
gene through Watson-Crick or Hoogsteem links, generating secondary structures. Mu-
tations in the gene (introduction of five G to A) did not affect the DNA-RNA hybrid
amount; however, differences related to the R-loop objects are observed. Hence, the
stretch of 14 G is somehow involved in the formation of these secondary structures.
The R-loop objects new position is observed at 100 bp approximately, with less prob-
ability of appearance. We show no correlation between the two possible R-loop object
position and the appearance frequency related to G’s amount in the stretch. Finally,
we compared the R-loop structure generated in the airn gene with the sum3 gene. Non-
visible R-loops object is identified through AFM images, suggesting that the extruded
ssDNA at sum3 gene does not form detectable R-loop objects.

The variation of the persistence parameter in the presence of R-loop objects glob-
ally changes the DNA molecule mechanical properties. On the contrary, when R-loop
objects are not detectable in the AFM images, the DNA persistence did not undergo

structural changes.

Our R-loop formation analysis at single-molecule resolution demonstrates that the
extruded non-template strand sequence determine R-loops three-dimensional architec-
ture in vitro. Consistent with this, different R-loops adopt different conformations
and mutating the DNA sequence without interfering with R-loop formation resulted in
significant alterations to the 3D R-loop objects detected by AFM.
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Physical properties of viral capsid
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Chapter 5

Introduction: Physical virology
focused on nanoindentation
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Summary

The second part of this thesis is based on the physics of viruses. Our research focused on
studying the mechanical properties of viral capsids of the Adeno-Associated Virus and
the Hepatitis B Virus and how these properties are related to capsid thermal stability.
As the main tool, we used the Atomic Force Microscope AFM. Through imaging and
nanoindentation experiments, we measured the morphology and mechanical properties
of the capsids. We have also characterised the AAV genome morphology; specifically,
the I'TRs structures found at the genome ends. To understand both the biological
and physical aspects of viral capsids, we briefly introduce the virus biology and the

mechanical aspects of capsids.

5.1 Viruses

Generally, viruses are associated with diseases since they were discovered as infectious
agents such as yellow fever or rabies. However, some viruses are nonpathogenic, such
as the Adeno-Associated Virus AAV currently used for gene therapy. Viruses are
supramolecular complexes composed of RNA or DNA genome, single-stranded (ss) or
double-stranded (ds). The genome viral is encapsulated in a capsid made of proteins,
whose role is to protect the genetic material. The viruses can not generate metabolic
energy for their reproduction; they depend on a living cell to replicate their nucleic

acid and synthesise proteins. The process of multiplication and propagation of viruses
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varies according to the type. However, there are certain fundamental principles in the
events of the infection cycle typical to all viruses. Understanding the mechanics of the
processes involved, such as the assembly or disassembly of the capsid, entry into the cell
or trafficking in the cytoplasm, can be essential to develop more effective treatments
for viral diseases. Here, we will address topics from the point of view of biologies, such
as the viral cycle or the capsid structure and the physics of viruses, to analyse the viral

capsid mechanical properties.

5.1.1 Virus classification

There are different virus classifications according to the shape, genome, enveloped or
non-enveloped and life cycle. The viral genome can be single- or double-stranded, linear
or circular. Most DNA viruses contain a single genome of linear dsDNA, ranging from
4-6 kb in length. Viruses that contain DNA as genetic material are called desoxyri-
boviruses or DNA viruses and included Adenovirus, Herpes, Hepatitis, and Smallpox
Virus. In contrast, viruses that contain RNA are called riboviruses or RNA viruses.

The most common viruses are Tobacco Mosaic, Yellow Fever, Rabies, Dengue, Measles,
and Hepatitis (A, C).

Figure 5.1 shows a classification according to the genome type and morphological
features, i.e., the capsid is enveloped or non-enveloped. However, the most popular
Classification is D. Baltimore’s Classification (American scientist), since it is based on
the nucleotide sequences and their replication, allowing a more precise classification
between the species of viruses. In the Baltimore classification, there are seven Groups
(I, II, III, IV, V, VI, VII) where each group shows the genome type that the virus
presents and how it is converted into messenger RNA, which synthesises viral proteins
[Fig. 5.2] [132].

e In Group I, the messenger RNA is directly transcribed from double-stranded
DNA. From this messenger RNA, proteins are synthesised, and finally, the DNA

replicates and gives rise to new viral particles.

e Group II consists of viruses with single-stranded DNA and is converted to
double-stranded DNA, generally by the proteins of the host cell. The subse-
quent process is similar to group I. The Adeno Associated Virus AAV belongs to

the parvovirus family.

e Group III presents positive double-stranded RNA. The viruses contain an RNA-

dependent RNA polymerase responsible for the transcription of double-stranded

88



5.1. VIRUSES

YERALDINNE C.

Enveloped

Nonenveloped

DNA

S

Herpesvirus

LY, W)
X ()
o\ Vk

\ Y
®

T
(o]
<

512 e
A
I

Hepadnavirus

¥ (]

Adenovirus

Polyomavirus

ssDNA

o aav

Parvovirus

RNA

ssRNA

Coronavirus

P =

Retrovirus

8

Paramyxovirus Bunyavirus

Fi

ilovirus

dsRNA

Je

*s

¥

ok qoo02o000,
et 7 .
S 4}
2

o)

N/
E a3
Reovirus

ssRNA

s

Picornavirus

Q

Calicivirus

Figure 5.1: Classification of viruses - The viruses are classified by the nature of the nucleic

genome (i.e., DNA or RNA) and their morphological features (non-enveloped and enveloped).

Family names are given on each virus drawing [132]. AAV belongs to the parvovirus family

with a non-enveloped capsid and ssDNA genome. On the other hand, HBV belongs to the

hepadnavirus family with an enveloped capsid and dsDNA genome.

RNA to messenger RNA, and then the transcription to proteins is carried out.

Genome replication begins with the assembly of the positive single-stranded RNA

and the viral proteins in immature virions, and then transcription of the single-
stranded RNA to double-stranded RNA inside virion is performed. Finally, all

components are assembled, forming the new virus.

e In Group IV, positive single-stranded RNA viruses can act directly as messenger

RNA and give rise to viral proteins. For replication, messenger RNA encodes

RNA replicase, responsible for making copies of the viral RNA and duplicating

itself.
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Figure 5.2: Baltimore classification of viruses according to the genome - Viruses
are divided into DNA viruses (Group I and II), RNA viruses (Group III, IV, and V), and
Reverse Transcription viruses (Group VI and VII). The relationship of the genome to mRNA
is indicated either by solid line (transcription) or dotted line (no transcription). Terminology:

ss: single-strand and ds: double-strand, polarity (plus or minus) [132].

e The negative single-stranded RNA of the Group V can not act directly as mes-
senger RNA. An enzyme of the virus synthesises the positive messenger RNA
from the negative single-stranded RNA, giving rise to viral proteins. The posi-
tive single-stranded RNA is then synthesised, generating negative single-stranded

RNA and then the new copies of the viruses.

e In Group VI are the viruses are called retroviruses, and they are known as
reverse-transcribed single-stranded RNA viruses. Unlike group IV, this posi-
tive single-stranded RNA does not act directly as messenger RNA. In this case,
the virus integrates a reverse transcriptase by converting the RNA into single-
stranded DNA and then double-stranded DNA. The formation of a DNA-RNA
hybrid characterises this last step before becoming dsDNA. The DNA is inte-
grated into the cell, and then a transcription generates the messenger RNA that
allows for protein synthesis and is also the original viral genome, and the cycle is
restarted.

e Finally, Group VII contains reverse-transcribed double-stranded DNA, where
the double-stranded DNA is transcribed into messenger RNA and thus lead to
viral proteins. However, to replicate the genome, the messenger RNA uses a viral

reverse transcriptase. Viral proteins interact with messenger RNA and assemble
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into a structure called a protovirion. A DNA-RNA hybrid is synthesised from
this structure before being converted into double-stranded DNA like the original
genome. This group can find the Hepatitis B virus (HBV), which belongs to
the hepadnavirus family, and their genome is a partially double-stranded circular
DNA.

5.1.2 Virus life cycle

The viral cycle is represented mainly by the replication process. Virus replication is
the process by which viruses infect cells and generate new copies to infect new cells,
and it depends on whether the virus is non-enveloped or enveloped and the type of
nucleic acid, DNA or RNA. In the following, we will explain the more general process

of the virus life cycle before focusing on the nuclear entry step.

In the life cycle, the binding process between the virus and the cell is generated
by receptors found on the cell surface [Fig. 5.3(a)|. So, the process of entry or pen-
etration into the cell depends on whether the nucleocapsid (viral genome and capsid)
is enveloped or naked [Fig. 5.3(b)|. Generally, the non-enveloped virus enters by stim-
ulating receptor-mediated endocytosis. An inward fold of the plasma cell membrane
or endosome is generated, allowing the virus to enter the cell. Two other cases are
possible, the virus crosses the membrane without generating endocytosis, or the virus

injects the genetic material directly into the cell.

On the other hand, the enveloped virus enters the cell through two mechanisms.
The first mechanism is by fusion with the membrane, the envelope of the nucleocapsid
fuses with the cell plasmatic membrane, and then the nucleocapsid is directly delivered
to the cytoplasm: viruses contain RNA are representative of this behaviour. The other

possibility is endocytosis, like non-enveloped viruses.

Following, the capsid uncoating and genome release [Fig. 5.3(c)]. Once the
viral genome is released, it is replicated. The replication process, as we explained
before, depends on the family type. Then the genome is translated, and thus, the capsid
proteins are synthesised [Fig. 5.3(d)]. These processes occur in the cell nucleus or the
cytoplasm, usually for viruses that contain DNA or RNA, respectively. Subsequent,
the capsid proteins and nucleic acid are assembled into full capsids, and these
two processes occur sequentially or simultaneously in a coupled manner. [Fig. 5.3(e)].
Finally, the new virion is released from the host cell. The non-enveloped viruses
are released by cell lysis (cell breakdown); consequently, the cell dies. On the contrary,

enveloped viruses emerge by exocytosis. In the latter case, the virus is surrounded by
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Figure 5.3: Life cycle of viruses - The viral cycle could be divided into attachment,
penetration, uncoating, gene expression and replication, assembly, and release. Here, the

schematic steps of entry and release shown for a non-enveloped virus [133].

a lipid membrane; the cell plasma membrane and the cell does not die immediately
but remains infected; it is called the cytopathic effect [Fig. 5.3(f)].

5.1.2.1 Nuclear entry processes

For efficient replication, most viruses must enter the nucleus, and this process depends
on the interaction with the nuclear envelope. The viruses pass through the nucleus
either by passive entry, nuclear pore complex (NPC) shuttling, or active nuclear enve-
lope (NE) remodelling [134]. Passive entry refers to the mechanism when viruses do
not dispose of active mechanisms to access the nucleus. So, it depends on a natural
mitotic nuclear envelope breakdown event: the nuclear envelope disassembles during a
meticulously regulated process |Fig. 5.4(a)]. The Human Papillomavirus (HPV) and
Murine Leukaemia Virus (MuLV) are examples of this category. On the contrary, Her-
pes Simplex Virus type 1 (HSV-1) and Hepatitis B virus (HBV), for example, have
active mechanisms to enter the nucleus, entering through the nuclear pore complex
shuttling. This pathway does not disturb the nuclear envelope and therefore preserves
host cell homeostasis [Fig. 5.4(b)].

Unlike herpesviruses (HSV-1), hepadnaviruses (HBV) are much smaller enveloped
viruses, and nuclear entry could occur directly through the complex nuclear pore since
the size of HBV is within the range of the channel diameter of the nuclear pore.
However, their transport is also assisted by transport receptors [135|. Finally, the

viruses that induce herniations and full-blown ruptures of the nuclear envelope are
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Figure 5.4: Mechanisms of viral nuclear entry - The viruses pass through the nucleus
either by passive entry (a), NPC shuttling (b) or through active NE remodelling (c). The
human papillomavirus (HPV) and murine leukaemia virus (MuLV) depend on mitotic nuclear
envelope breakdown. Herpes Simplex Virus type 1 (HSV-1) and Hepatitis B Virus (HBV) will
expose a nuclear localisation sequence at their capsid to guide their transport to the nuclear
pore complex and HSV-1 dock at nuclear pores complex to release their genome into the
nucleus. In contrast, HBV capsids can enter the nuclear pore complex basket ring, disassemble
inside the NPC and release their viral genome and capsid subunits into the nucleus. Simian
Virus 40 (SV40), Human Immunodeficiency Virus (HIV) and Minute Virus of Mice (MVM)
will remodel and perturb the nuclear envelope to facilitate entry, even though they expose a

nuclear localisation sequence. [134].

defined as nuclear envelope remodelling |Fig. 5.4(c)]. The nuclear entry remodelling
is the mechanism by which most parvoviruses function [136,137]. The Parvoviridae
is a family of small (18-26 nm in size), non-enveloped, icosahedral viruses with linear
single-stranded genomes by which they may be able to cross the nuclear pore complex
by diffusion. However, most like Minute Virus of Mice (MVM), cause a transient loss
of the integrity in the nuclear envelope [136, 137|. Particularly, certain parvoviridae,
such as MVM and AAV, enters the nucleus and remain intact through the nuclear pore

complex without the help of nuclear receptors [138-140].

5.2 The architecture of the viral capsid

Viruses present various shapes and sizes according to each viral family. In general, virus
geometry is based on capsomeres distribution and classified into polyhedric, helical,
complex, or mixed. For example, Adenovirus or Herpes Virus have polyhedral geometry
because capsomeres form faces by arranging themselves as a polyhedron. Viruses such

as Tobacco Mosaic, Influenza or Ebola are composed of capsomers adhered to nucleic
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Figure 5.5: Gallery of icosahedral viruses - 3D image reconstruction of several icosahedral

viruses by using cryo-EM [141].

acid, forming a helix or spiral that follows the virus longitudinal axis. The viruses with
mixed geometry are a combination of icosahedral and helical symmetry. For example,
Bacteriophages have a head with icosahedral geometry containing the genome and a
helical tail.

The two most common geometries are those with a helical and spherical morphology
(usually icosahedral symmetry). This section will delve into the capsid with icosahedral
symmetry since it is the symmetry-type of the capsids studied in this thesis. Figure
5.5 shows different viruses with icosahedral symmetry where we see that the Human

Papilloma has a size of 600 A and B19 Parvovirus of 260 A in size, for example.

5.2.1 Icosahedral Symmetry

The icosahedron structure exhibit three rotational symmetry axes: 2-, 3- and 5-fold,

referencing the edges, faces and vertices of an icosahedral. [Fig. 5.6]. The symmetry
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Figure 5.6: Orientations of icosahedral capsid - Orientation 2 (a), 3 (b) and 5 (c¢). The
example shows a capsid with structure T = 1, that is, it contains 60 asymetric units (1 unit

is 1 capsid protein). A unit is represented in gray in figure (d).

architecture is related to the conformation of 60 asymmetric units (one unit is one
protein), where a unit has grey colour in the example of the figure 5.6(d)]. However,
not all viruses are built by 60 asymmetric units. The construction of a stable structure
from asymmetric units allowing maximising the volume per unit area to contain the

viral genome is then limited.

Crick and Watson showed that symmetry was compatible with capsids made of
different numbers of subunits [142]. The subunits or capsomeres are arranged in pen-
tamers and hexamers [Fig. 5.7(a)]. A pentamer is always in exactly 12 places on the
capsid surface, determining the global shape of the capsid [143|. Visually, the pentamer
contains five proteins, while a hexamer has six proteins. Also, the hexamer is always
positioned at the centre of three pentamers. The amount of hexamers varies between
groups of viruses. On the other hand, the "quasi-equivalence" principle of Caspar and
Klug [144] explains how proteins can adopt positions in the capsid, repeating local con-
figurations across the capsid surface. Thus, it is necessary to identify the closest pair
of pentamers |white circles in figure 5.7(a)| and the distribution of proteins between
these two pentamers. The number of capsomers and its symmetry is determined by

the triangulation value T:

T=h*+hxk+k. (5.1)

The variables h and k are integer values and represent the numbers of hexamers
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(a)

T=1
h=1, k=0

T=4
h=2, k=0

Figure 5.7: Scheme of icosahedral capsid with different triangulation number T
- Capsids with triangulation number (a) T=1, (b) T=3 and (c¢) T=4. The white circles are
positioned at the pentamers, and the path to get from one pentamer to its nearest neighbouring

one is highlighted in red.

and pentamers through the shortest path. That is, starting at a pentamer [white
circles in figure 5.7(b-d)|, h represents the hexamer numbers in straight line and & the
pentamer number after changing direction [Fig. 5.7(b-d)]. For T=1 and T-4, the
shortest distance between two pentamers is given for one capsomer (h = 1,k = 0 or

=0,k = 1) and two proteins (h = 0,k = 2) in a single direction, respectively [Fig.
5.7(b,d)]. For T=3, we move one hexamer and then a pentamer after having changed
direction (h = k = 1) [Fig. 5.7(c)]. The examples show that the triangulation value
can take values T=1, 3 and 4, but for larger viruses, T can have values of 7, 9, 12,
13, 16, 19, 21, 25, and so on. This principle is based on the fact that shell always
contains 12 pentamers plus 10(7" — 1) hexameres, hence, we can determine the total
amount of capsomers as the sum of the pentamers and hexamers that a capsid contains:
Neapsomers = 10T +2.

5.2.2 Buckling transition

The diameters of the viruses span 10 to 100 nm, where small viruses as HBV are said
to be spherical viruses. On the other hand, large spherical viruses can exhibit faceted
geometry such as bacteriophage T4 and HK97 [Fig. 5.8(a)]. Lidmar et al., [145]
explained the faceting of the capsids as the buckling transition resulting from the
competition between the stretching energy associated with the pentamers (in-plane
energy) in the lattice of capsomers and the bending elasticity of the viral capsid (out

of plane energy), i.e., the Foppl-von Karman (FvK) number [Fig. 5.8(b)|. Figure 5.9
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Figure 5.8: Buckling transition and the Foppl-von Karman (FvK) number - (a)
Viruses can have different level of faceting as we see for HSV-1 (top-left), HBV (down-left),
bacteriophage T4 (top-right) and HK59 (down-right). Adapted from [146,147|. (b) Mean-
square asphericity as a function of Y R?/k for many different icosahedral shells. The two
inserts show numerically calculated shapes with (h,k) indices 2,2 and 8,8. The Féppl-von
Karman numbers v for these shapes are 45 abd 694. Adapted from [145].

show some virus illustrations that for the same triangulation value T, the capsid can
show a marked faceted geometry.

5.3 Mechanical stiffness of virus capsids using nanoin-

dentation experiments

As we mentioned, viruses present a great variety of genetic material type, shape, or ge-
ometry, which can significantly impact the capsid morphology and stability. Therefore,
studying the mechanical effects of viral shells can help understand the virus biological
behaviours through their viral cycle. The Atomic Force Microscopy is an instrument
that allows measuring both the mechanical and morphological properties of viruses and
any other micro or nanoscopic object. The main properties that are used to charac-
terise the capsid are (i) the capsid stiffness (k), (ii) structural strength when a force is
applied, this is, the maximal force that the capsid support before breaking Fj,..r and
(iii) resistance to material fatigue; progressive damage when the capsid is subject to a
series of controlled low-force indentations [149].

If the indented object is non-deformable, as is the surface where the virus capsid is

97



5.3. MECHANICAL STIFFNESS OF VIRUS CAPSIDS USING NANOINDENTATION
EXPERIMENTS YERALDINNE C.

T=4 T=13
(a)
Bacteriophage
Virus 06
(b)

Tobacco Necrosis Straphylococcus Bacteriophage
Virus Aureus Phage T4

Figure 5.9: Effect of faceting on some viral capsids - (a) Illustrations of viruses with
spherical capsid for T=3, T=4 and T=13. (b) Illustrations of viruses with spherical capsid
but that have a marked faceted geometry for the same triangular numbers. Representations
were obtained from VIPERdb [148].

deposited, only the cantilever is deformed. Hence, the displacement of the cantilever
is given by Hooke’s law: F = —kz, where k is the elastic constant of the deformed
object, in this case, the elastic constant of the cantilever k. [gray line in z-F plot, figure
5.10(a)]. On the contrary, if the virus capsid indented is mechanically deformable; thus,
the force curve contains cantilever-capsid system deformation. If the cantilever and the
capsid behave like two ideal springs, the cantilever-capsid system can be considered as
two springs in series [scheme and black line in z-F plot, figure 5.10(a)]. Consequently,
the spring constant of the virus capsid can be determined from the slope of the corre-
sponding z-F' curve (k.sf), according to the equation: ﬁ = ki + %, where k. is the

cantilever spring constant [149].

Another method to obtain the deformation of the virus capsid is by subtracting the
2-F curve over the surface and capsid-cantilever system from the point of contact. The
new force curve as a function of indentation only contains the virus capsid deformation
[Fig. 5.10(b)]. Finally, the capsid stiffness is the slope of the indentation-F curve
[13,151]. This thesis determined the stiffness of AAV and HBV capsids, mainly using

this second method.

The sudden fracture in the indentation-F curves represents the point where the
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capsid structural strength is lost caused by mechanical failures [150] [Fig. 5.10(c)]:
figure 5.10(d) shows AFM images of an intact capsid (A) and a capsid that has lost
one capsomer after being indented (B). The drop in the curve also allows calculating
the indentation depth [point indicated with a black arrow in figure 5.10(c)|. The
structural strength of the viral capsid sometimes exhibits particular properties. For
example, the norovirus capsid (icosahedral and nonenveloped capsid, T=3) persists
at large deformations, and after several indentations, the force curves eventually show
drops, suggesting a mechanical failure in the capsid. However, later curves did not show
discontinuities, suggesting a possible recovery of the capsid [152]. Also, a self-recovery
of the T7 bacteriophage virus shell (tailed icosahedral and nonenveloped capsid, T=7)
has been experimentally shown when fractures and cracks are small enough not to
alter the original shape of the virus shell. Nevertheless, this type of event is rarely seen
and needs more research to control and understand the virus self-recovery of protein
shell [153].
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Figure 5.10: Scheme of a nanoindentation experiment and its z-F curves of MVM
capsid - (a) Scheme of the AFM cantilever and virus capsid as two ideal springs in series and
2-F curve obtained by indentation over the surface (grey curve) and the virus capsid (black
curve). (b,c) z-F curve on the MVM capsid where the black and grey curves represent the
trace and retrace curves, respectively. (b) Indentation force curve of an intact capsid. (c)
Force curve shows a nonlinear behaviour due to material failure of the virus capsid. The force
curve show extends and retracts tip displacement. Adapted from [149]. (d) AFM images
before (A) and after (B) indentation, where one capsomer was removed in the latter case.
Adapted from [150].
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Figure 5.11: Scheme of a shell sphere - (a) Scheme of a spherical shell [4].

5.4 Models to describe the elastic response of viral

capsid

When a spherical shell of radius R and thickness h < R is deformed on a distance d
by an indenting point force F' in the regime where also d < R, the shell is locally both

stretched and bent [Fig. 5.11|. Thus, the capsid stiffness can be interpreted as the ratio

between the applied mechanical force F' and the indentation length d [4]. Introducing

the stretching and bending energy as

d 2
Estr ~ K (E) 7’2
d 2
Eben ~ K <_2) 7127
T

where K and k are the stretchings and bending modulus defined as

o Eh
2(1 = p)
_ ER
"R ey

(5.4)

(5.5)

where, F is the three-dimensional Young modulus and g is the Poisson ratio of the

material. Within standard 3D elasticity for a shell sphere, the total energy can write

the sum of bending and stretching energies as:
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— +— | & (5.6)

The size of the bend region r can be determined by imposing the equilibrium con-
dition dEjyq/dr = 0, then, r ~ v/hR. From the derivate of the energy to vertical

deformation d, the stiffness k of the shell can be obtained,

h2

This equation is valid only for small deformations d < R. Furthermore, k can be
written in terms of the dimensionless number associated to stretching/bending balance,

which is known as the Foppl-von Karman (FvK) number defined as:

K
v=§ﬁ- (5.8)

Then, shell sphere stiffness can be written based on this parameter:

wK 1/2 B

5.5 Results in mechanical properties of viruses

This section focuses on the mechanical properties of viral capsids, specifically capsid
stiffness. The mechanic stiffness of some viral capsids will be analysed according to

the capsid architecture and stability.

5.5.1 Stiffness depending on the rotational symmetry axes

The first work presenting in detail the mechanical properties of viral capsids was reg-
istered by Ivanovska et al., [154]. The authors showed that the mechanical response
of bacteriophage ®29 (ellipsocylindrical, icosahedral and non-enveloped capsid, T=3)
behaves linearly when the tip of the cantilever vertically deforms the capsid. For
large deformations, a force of 2.5 nN, the shell undergoes irreversible fractures. Fur-
thermore, they found a bimodal distribution for capsid stiffness. Later, work on the

Cowpea Chlorotic Mottle Virus (icosahedral and non-enveloped capsid, T=3) pointed
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Figure 5.12: Stiffness of the MVM empty and full capsid - Crystallographic structures
of the empty capsid (a) and DNA-filled virion (c) Histogram of stifness for empty capsid (b)
and DNA-filled virion (d) according the orientation axe of the capsid [156].

out that the elastic response could vary between hexamers and pentamers, resulting in
a stiffness bimodal distribution [155].

Focusing on small parvovirus, Carrasco et al. [156] showed that the virion of Minute
Virus of Mice (icosahedral and non-enveloped capsid, T=1) presents a stiffness depen-
dent on the orientation axis of the capsid [Fig. 5.12(c,d)]. Another study by the same
group determined the same value of stiffness for the 5-fold symmetry axis [157]. In-
terestingly, in the absence of the viral genome, the stiffness of the capsid does not
show variations according to the orientation axis [Fig. 5.12(a,b)]. These results sug-
gested that anisotropy is due to the capsid-bound DNA. Later, the capsid protein was
mutated, eliminating the DNA-capsid interaction and confirmed the theory about the
anisotropic reinforcement given by DNA. In particular, they found no variations in the
5-fold symmetric axis [158]; the authors suggested that the MVM is not reinforced on
this axis to allow DNA released during infection. Some work showed that the 5-axis
pore is the genome encapsidation site for viruses belonging to the parvovirus family and
other viruses with icosahedral symmetry. Thus, the pore size is wide enough, ~ 1.5 nm
for MVM [159], to allow the transit of DNA in its linear conformation [160-167|. The
pore is characterized by being narrow, so small modifications can generate inefficient
encapsidation of the genome [162,165]. At the capsid mechanical properties level, these

structural changes could be interpreted as changes in the pore stiffness.
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Subsequent studies have worked on the axis orientation-dependent capsid stiffness;
however, some results appear to show be some discrepancies. For example, van Ros-
malen et al., 2018 reported orientational dependence on the human Adenovirus stiffness
(icosahedral and non-enveloped capsid, T=25) [168] unlike Snijder et al., [169]. Addi-
tionally, differences in the stiffness value are also present between each study [168—171].
The authors suggest that the stiffness differences could be due to a difference in par-
ticle selection or the ratio between the cantilever tip and capsid size. Cuellar et al.,
2010 and Baclayon et al., 2011 do not mention the dependence of stiffness accord-
ing to the orientation for the Norovirus capsid (icosahedral and non-enveloped capsid,
T=3) [152,172|, neither did Michel et al., 2006 for Cowpea Chlorotic Mottle Mirus
(icosahedral and non-enveloped capsid, T=3) [155|. The authors suggest that mea-
surements made with sharper tips may have a chance to obtain variations concerning

the capsid orientation.

Aversely, a study on Herpes Simplex Virus type 1 (icosahedral capsid and enve-
lope, T = 16), no changes in the capsid mechanical properties were observed in the
presence of DNA. [173,174]. Uetrecht et al., [175] and Arkhipov et al., [176] reached
the same conclusion through nanoindentation experiments on HBV capsid (icosahedral

and enveloped capsid, T= 3, 4).

5.5.2 (Genome increased the capsid stiffness

The genome not only generates anisotropy in the stiffness of the viral capsid but
also causes the capsids to become more rigid as found on MVM (ssDNA), phage
(dsDNA), CCMV(ssRNA) and AdV (dsDNA) capsids [155, 156, 158, 177-181]. For
example, Ivanovska et al., [179] analised the effect of dsDNA internal pressure on bac-
teriophage A (tailed icosahedral and non-enveloped capsid, T=21) in response to an
external deformation 5.13. Figure 5.13(a) show two-dimensional projections of cryo-
electron microscopy reconstruction of the 100%, 94% and 78% DNA-filled and empty
phage capsids. Then, the partially filled capsids responded to external deformation like
an empty capsid since the stiffness capsid were similar, on contrary, the WT capsid
(100% DNA filled) is twice stiffer thus, more resilient to external forces Figure 5.13(b).

However, recent work on Simian Virus 40 (icosahedral and nonenveloped capsid,
T=7) with circular double-strand DNA genome did not exhibit any effect of the genome
on capsid stiffness [182]. Similar results were obtained for Herpes Simplex Virus type 1
(icosahedral and enveloped capsid, T=16) that contains dsDNA genome [173]. Zeng et
al., [183] also experimentally found no significant differences in the presence or absence

of the ssDNA genome for Adeno Associated Virus 2 (icosahedral and non-enveloped
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Figure 5.13: Genome length effect on phage capsid - (a) Two-dimensional projections
of cryoelectron microscopy reconstruction of the 100%, 94% and 78% DNA-filled and empty

phage capsids. (b) Histogram of spring constants for the conditions mentioned. [179].

capsid, T=1). However, we should mention that this analysis was carried out only for
the 2-fold symmetry axis. In this same study, capsid stiffness was compared according
to the type of DNA, in which no significant differences were found between ssDNA and
scDNA experimentally.

5.5.3 Stiffness depending on the protrusion on the capsid sur-

face

The capsids of viruses are not completely smooth; capsids present protrusions that
are generally responsible for cell union during the first stage of the infectious cycle.
Baclayon et al., [172] analysed the Norovirus particles having similar morphology and
antigenicity as the native Norovirus (icosahedral and non-enveloped capsid, T=3),
which exhibits hollows and protrusions on the capsid surface. Mutations allowed elim-
inating these protrusions obtaining softer particles, 10 nm smaller than the WT capsid
[Fig. 5.14(a)|. The results suggest that the protrusions force the capsid to a prestressed
state since the capsid shows a reduction in stiffness when the protrusions are removed
[Fig. 5.14(b)]. Besides, the protrusion layer generates an increase in the particle radius

and, consequently, a general and isotropic strengthening of the particle.
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Figure 5.14: Protrusion effect on mechanical properties - (a) Electron microscopy
reconstructions (surface and cross section) of WT (left) and mutant with no protrusions

(right) norovirus capsids. (b) Stiffness distribution of two cases mentioned [172].

5.5.4 Stability of viral capsid through capsid disassembly

A study on the stability of the Triatoma Virus capsid (icosahedral and non-enveloped
capsid, T=3) was carried out by Snijder et al., [178]. They show that the capsid can
divide into pentamers when the capsid is subjected to high forces by AFM. Figure
5.15(a) shows AFM images before and after indentation, where the pentamers are
visible in the second case [Fig. 5.15]. Additionally, the same results were obtained
when DNA released was induced at high pH. Ortega et al., [184] reached the same
conclusion studying the Adenovirus capsid. The pentons are released first, followed by
complete disassembly. In this case, the experiments are performed in the YOYO-1 dye
molecule, allowing the released DNA visualisation. For bacteriophage 22 (icosahedral
capsid and non-enveloped, T = 7), Llaur6 et at., 2016 [185] show that the pentamers
were released at the vertices inducing a destabilisation of the capsid, implicating the

edges as points of mechanical fracture.

5.5.5 Stiffness value for the symmetry axis

In the example shown above [Fig. 5.12|, we see that the stiffness of the capsid follows
the following scaling order according to the axis of symmetry: ks < ks < ko [156].

Experimentally, the same order of stiffness was found for the bacteriophage T7 (icosa-
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Figure 5.15: Capsid disassembly into pentamers for Triatome virus capsid - (a)
Surface renderings of intact capsid and pentons (left). AFM images before and after nanoin-
dentation (right). Reconstructions show the individual points of maximal force in function of
the capsid stiffness at pH 6.8, pH 8 and pH 9 for single virions. Adapted from [178].

hedral and non-enveloped capsid, T=7) |Fig. 5.16(a)|. To reproduce these results, the
authors implemented Finite Element simulations of increasing complexity [186]. In the
simplest case, the capsid of bacteriophage T7 was modelled as a thick shell icosahe-
dron, and the order of the effective stiffness was found numerically to be ky < k3 < ks,
which differs from the experimental measurements [Fig. 5.16(b)|. It was then imple-
mented a more realistic inhomogeneous finite element simulation based on the electron
microscopy (EM) structure of the bacteriophage T7 empty head. In this way, they
analysed the elastic response of inhomogeneities in the capsid thickness and the real
topography of bacteriophage T7. The effective stiffness of ky and k3 was found iden-
tical, and k5 was bigger than the other two. Thus, the order of the effective stiffness
also differs from the experimental results [Fig. 5.16(c)|. These simulations results sug-
gest that the mechanical response of T7 cannot be modelled in the framework of the

continuum elasticity.

Other works also showed differences according to the method used. Using an elastic
network normal mode analysis, in other words, an analysis that allows describing the
flexible states that the capsid adopts around an equilibrium position, Tama et al., [188]
indicated that the capsid shell is not mechanically uniform, especially for viruses of
higher complexity such as T=7 and T=13 viruses. In most cases, the pentamer dis-
plays greater flexibility than the other subunits, which is in agreement with an experi-
ment performed on the Cowpea Chlorotic Mottle Virus (icosahedral and non-enveloped
capsid, T=3) and determined that pentamers are more flexible than hexamers [189].
On the contrary, Hespenheide et al., [190] proposed a higher stiffness for the pentamer
than the hexamer using a method that maps the chemical bond of the protein in a
generic 3D graph, in which the edges represent distance constraints between atoms,

i.e., the atoms are restricted to a certain distance. This graph is then decomposed into
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Figure 5.16: Stiffness of bacteriophage T7 capsid - (a) Histogram of capsid stiffness
where blue, green and red colors correspond to capsids adsorbed on 2-fold, 3-fold and 5-fold
symmetry axes, respectively. Grey color depicts stiffness data from particles with no specific
orientation (NSO). (b) Indentation curves for the thick finite elements model. (c) Indentation

curves for the inhomogeneous finite elements model [186].

rigid and flexible regions. Zandi et al., [187] reached the same conclusion. The author
determined the local stresses and pressures from continuous modelling. The compres-

sive stress on the pentamers increases with the capsid size, as predicted by continuum
elasticity theory |Fig. 5.17].
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Figure 5.17: Local lateral stresses of some T-number - The color bar represents the
lateral stress distribution for some of the T—number structures and the different colors indicate
different levels of stress. Pentamers and hexamers have differents values of stress by which

pentamers present consistetly more positive stress than hexamers [187].
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5.6 Adeno-associated virus AAV for gene therapy

In vivo gene therapy delivers genetic material directly into the target organs or tissues
of patients. This technique is the simplest way to introduce genetic material into
target cells via non-viral or viral vehicles to treat or prevent diseases by correcting
or supplementing defective genes. The viruses used for this purpose are known as
recombinant vectors. A deficiency causes most diseases in a specific gene; for example,
haemophilia generate mutations in genes encoding clotting factors and can be corrected
by delivering the missing gene. Since 2012 AAV vectors are well established tools in
clinical trials for in wvivo gene therapy [191,192]. Several AAV serotypes have been
isolated and studied from which 13 natural types and more than 100 variants have
continuously been generated mutating the genome or the capsid to optimise the use of
AAV in gene therapy [191].

It seems interesting to see if the mechanical properties of AAV capsids can play a
role in how these viral vectors can deliver the genetic material, mainly to know if there
are mechanical differences according to the different serotypes. Before addressing this
problem, we will briefly introduce the viral cycle, the differences according to serotypes,

genome type and AAV capsid.

5.6.1 Viral cycle of AAV

The first step of the AAV viral cycle is binding primary receptors and co-receptors on
the cell surface [Fig. 5.18(1)], where the union between the receptors and the capsid is
given by amino acid residues on the capsid surface. The interaction with the target cell
constitutes a critical parameter that determines the serotype tropism (tropism refers to
the way viruses present particular preferences to specific cell tissues), generating that
the receptor nature depends on the AAV serotype [194-203].

In witro studies support that binding to the cell surface triggers endocytosis in the
plasma membrane, forming an endosome whose content is to transport the capsid to
the nucleus [192,204]. Next, the capsid is released by the endosome before it arrived in
the nucleus |Fig. 5.18(2)|. Evidence suggests that the endocytic vesicles could play an
important role in preparing the capsid for nuclear transport and the uncoating process
(capsid maturation process occurs within the endosome). Indeed, the transduction

efficiency is intricately linked to the intracytoplasmatic trafficking [205-207].

The entire capsid enters the nucleus by crossing the nuclear pore complex [Fig.
5.18(3)] [138-140], and then the capsid releases the viral genome [Fig. 5.18(4)]. The
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Figure 5.18: AAV viral cycle - (1) Virus attaches to the cell membrane of the host cell,
and entry to the cell membrane triggers their endocytosis into endosomes. (2) The virus is
transported toward the cytoplasm until the perinuclear area. (3) Intact virus capsid crosses the
nuclear membrane through the nuclear pore complex. (4) The single-stranded DNA is released
and converted into double-stranded DNA (5) (Scheme from Julien Bernaud thesis [193]).

mechanism of genome release, to date, is not clear. The single-stranded genome is
converted to a double-stranded due to cellular DNA-polymerase [Fig. 5.18(5)]: this

process is necessary to gene expression [208-210].

However, AAV requires helper virus such as Herpes Simple Virus or Adenovirus for
replication process [194,211-215]. In the absence of a helper virus, the genome remains
in a lysogenic or latent phase. In the presence of helper viruses, AAV passes into a
lytic phase, allowing its replication. The efficiency of translation, which also occurs in
the nucleus [207], depends on the serotype and the cell type [216,217]. Once the capsid
is assembled, AAV can packaging either the plus or minus ssDNA strand with equal
efficiency [218]. The multiplication of the virus also depends on the translation of the
viral dsDNA genome. The translation leads to producing the viral proteins that form

the capsid and the enzymatic proteins for the virion assembly.

5.6.2 Serotypes

To date, at least 13 natural serotypes have been isolated and studied from which they
have different binding receptors and tissue tropisms [Fig. 5.19]. For example, AAVO is

the only serotype capable of crossing the blood-brain barrier and traduce the central
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AAV Originof  Primary Co-receptor Tissue tropism

serotype isolation receptor

AAV1 Monkey Sialic acid AAVR Muscle, CNS, heart

AAV2 Human Heparin Integrin, FGFR,HGFR,  Liver, CNS, muscle
LamR, AAVR

AAV3 Human Heparin FGFR,HGFR LamR, Muscle, stem cells
AAVR

AAV4 Monkey Sialic acid Unknown Eye, CNS

AAV5 Human Sialic acid PDGFR, AAVR CNS, lung, eye

AAV6 Human Heparin, EGFR, AAVR Muscle, CNS, heart,

sialic acid lung
AAV7 Monkey Unknown Unknown Muscle, CNS
AAV8 Monkey Unknown LamR, AAVR Liver, muscle,

pancreas, CNS

AAV9 Human Galactose LamR, AAVR Every tissue
AAV10 Monkey Unknown Unknown Muscle
AAV11 Monkey Unknown Unknown Unknown
AAV12 Human Unknown Unknown Nasal

Figure 5.19: Properties of AAV serotypes - [191].

nervous system [219], and also is the serotype that has been associated with all tissue
tropisms. Comparison of AAV1-9 revealed that serotypes are remarkably similar in
structure [220] while differing in amino acid sequence [Fig. 5.20] [195]. Considering
the structure similarity, we fund it interesting to study the mechanical response of the
capsids of AAV2, AAVS and AAV9 and, if possible, to understand their behaviours at
the tropism level.

AAV mutants have continuously been generated to optimise the use of AAV for
gene delivery due to the specificity, and non-pathogenic behaviour [220-223]. One
possible way to increase the efficiency of the AAV transduction is genetically modifying
the AAV vector; this can be by optimising the transgene or engineering the AAV
capsid [191,224-228].

To describe AAV main characteristics, we will use the AAV2 serotype since it is the

most extensively studied serotype of AAV and is used as the reference.
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Sequence identity matrix of representative primate AAVs. Percentage sequence identity based on alignments of the capsid amino acid
sequences

AAV1 AAV2 AAV3 AAV4 AAVS AAV6 AAV7 AAVE AAV9
AAV1 ID 83% 86% 63% 57% 9% 84% 84% 81%
AAV2 ID 87% 60% 57% 83% 81% 8% 81%
AAV3 ID 62% 57% 87% 83% 85% 8%
AAV4 ID 51% 63% 63% 63% 61%
AAVS ID 57% 56% 57% 55%
AAV6 D 84% 84% 81%
AAVT ID 87% 80%
AAVE ID 84%
AAV9 ID

Figure 5.20: Secuence homology for AAV serotypes - [195].

5.6.3 AAV genome

AAV contains a linear single-stranded DNA genome of 4.7 kb long [229], where the AAV
genome packaged into its capsid is either the sense or antisense strand. The genome
contains two open reading frames ORFs, rep and cap flanked by two inverted terminal
repeats (ITRs) [Fig. 5.21(a)|]. The ORFs produced the following viral proteins:

(i) The common element between AAV genes is a polyadenylation signal (polyA)
required for the synthesis of messenger RNA (mRNA), and their expression is under
control of three different promoters p5, p19 and p40, which is in charge of the tran-

scription profiles.

(ii) The proteins Rep78-Rep68 and Rep52-Rep40 encoded by the rep gene are tran-
scribed from the p5 and pl9 promoters, respectively [230] [Fig. 5.21(b)|. The proteins
four are related to the functional process as such as the genome replication, tran-
scription regulation, site-specific integration and packaging of AAV genome into the
capsid [166,231-234].

(iii) The cap gene encodes the VP1, VP2 and VP3 C-terminally overlapping capsid
proteins [Fig. 5.21(c)| responsible of the assembly of the capsid [235-237]. Hence, they
are responsible for forming an icosahedral capsid composed of 60 copies VP1, VP2 and
VP3 in a 1:1:10 ratio [238,239]. The p40 promoter regulates the proteins encoded by
the cap gene. Interestingly, due to the proteins overlapping in the VP3 region, a new
protein is created: Assembly-Activating Protein (AAP). The AAP is responsible for
the assembly of the capsid for most AAV serotypes. [240-243|.

112



5.6. ADENO-ASSOCIATED VIRUS AAV FOR GENE THERAPY YERALDINNE C.

(@  p5pl9  pdo
™

(b) O

Figure 5.21: AAV2 genome organization - (a) The AAV genome contains two open
reading frames (ORFs): rep and cap flanked by two inverted terminal repeats (ITRs). Three
promoters were identified within the viral genome: p5, p19 and p40. (b) The rep gene encodes
four proteins required for replication (Rep78, Rep68, Rep52 and Rep40) and (c) the cap gene
encodes three structural proteins for the viral capsid (VP1, VP2 and VP3).

5.6.4 Inverted Terminal Repeat (ITR)

The AAV I'TRs are 145 bp long, and the palindromic sequence has a T-shaped structure,
forming two small internal inverted repeat sequences (BB’ and CC’) separated by a
single unpaired nucleotide. A second and larger flanking inverted repeat sequence, AA’,
is located at the centre to form the three-way junction |Fig. 5.21(a)]. The D sequence
is related to the AAV genome and does not participate in the T structure sequence.
Two ITR forms have been identified: flip and flop sequences. The flop sequence formed
is the inverse complement of flip [Fig. 5.22 (b) and (a), respectively|. The flip ITR
has BB’ arm closest to the 3’ end, and flop ITR has its CC’ closest to its 3’ end [244].
ITRs contain a Rep binding element (RBE) and a terminal resolution site (trs), which
interact with the Rep proteins [245-248|.

ITRs are the only genome element that contains cis-elements required for viral
genome replication and encapsidation [250] playing a essential role for AAV vector
production [218,251-253]. An increasing number of studies tend to demonstrate that
host cell elements recognise the ITRs in gene therapy. For example, several innate
immune responses DNA sensors were shown to recognise specific elements present in
viral DNA [254-258]. Consequently, the recognition of recombinant AAV (rAAV) DNA
as foreign to the cell can trigger an innate immune response leading to the destruction
of the targeted cell and finally a lack of treatment efficiency. This is a question that

we also address in this thesis. We think that characterising these structures can help
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Figure 5.22: Structure of the ITR - (a) The T-shape of the ITR is formed by two small
inverted repeats BB” and CC’ and a larger inverted repeat AA’ from which it is located at the
centre. The D sequence is separated by the genome and does not participate in the T structure
sequence, thus remaining single-stranded. The boxed motif corresponds to the Rep-binding
element RBE, where the AAV Rep78 and Rep68 proteins bind. The terminal resolution site
trs are required for the recognition and cleavage by the Rep proteins [249]. (b) The ITR can
acquire two configurations: flip and flop. The flop sequence represents an inversion of the
A-A’ portion of the ITR.
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Figure 5.23: Diagrams of ssAAV and scAAV viral DNA structures - (a) Conventional
ssAAV vector (4.7 kb) consists of two wild-type ITR framing the expression cassette. (b) The
scAAV vector contains a mutation in the terminal resolution site of one ITR, while the second
ITR is intact, generating a recombinant viral genome limited to 2.5 kb in size of a ssDNA

viral vector genome.

to understand their role in gene therapy. For them, our study was based on analysing
the morphology and the different conformations of the I'TR through AFM images.
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5.6.4.1 Vector genome

The two methods by which rAAV DNA can be converted into double-stranded DNA are
(i) synthesis of a new complementary strand and (ii) via two-stranded complementarity
with opposite polarity. However, it can be completely avoided by packaging both
strands as a single molecule (self-complementary AAV vector) as the ssAAV vector
(4.7 kb) consists of two wild-type ITRs [Fig 5.23(a)|]. The scAAV vector contains a
mutation in the terminal resolution site of one ITR, while the second ITR is intact,
generating a recombinant viral genome limited to 2.5 kb in size [Fig 5.23(b)]. Although
the scAAV vector has a small capacity for containing the genome, it presents a high
efficiency of gene expression since conversion to a double-stranded DNA is not necessary

anymore [259].

Horowitz et al. in 2013 analysed the viral genome behaviour, ssDNA or scDNA
when the capsid is brought under thermal instability [260]. Tungsten-shadowing EM
images show the released single-stranded DNA from the capsid is highly compact, and
the self-complementary DNA is linear [Fig. 5.24|. Furthermore, they showed that
internal pressure might be more important if the genome is of the self-complementary
type since it decreases its thermal stability. For this reason, comparing the stiffness

and thermic stability of ssAAV and scAAV could be an interesting question.

Figure 5.24: AAV2 genome organization - EM images of ssDNA (A,C) and scDNA (B,D)
capsids. The capsids were heated to 65°. Adapted from [260].
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Figure 5.25: Cryo-EM reconstruction of AAV2 capsid- (a) Radially colored sensity
maps at 5.0 A. The 2-, 3-, and 5-fold symmetry axes are as well as the AAV capsid surface
features are indicated by the arrows [270]. (b) Cryo-EM map of the unbound AAV2. Adapted
from [195].

5.6.5 AAYV capsid

AAV is a small and non-enveloped virus characterised by a structure with T=1 icosahe-
dral symmetry [261]. The tridimensional structure of several AAV serotypes has been
resolved by cryo-electron microscopy and/or X-ray crystallography [262-268,268-278|,
showing that all these structures has a S—barrel core decorated by extended surface
loop forming protrusions at the 3-fold where have 3 nm in size. Also, it is identified as
a channel at 5-fold symmetry axes that connect the interior and exterior of the cap-
sid [269]. The channel served as a route of viral genome packaging and genome release;
consequently, it could play an important role during the viral replication [279]. Figure
5.25(a) shows the AAV2 capsid structure obtained by Cryo-EM and the 2-, 3-; and
5-fold symmetry axes are as well as the AAV capsid surface features are indicated by
the arrows [270]. The protrusions are the most exposed regions of the capsid and are
those involved with receptor binding, thus being critical sites of interaction with the
host cell [195,196,200,201,222|. The inner and outer radius of the capsid is around 8
and 14 nm [dotted and continuous black line in figure 5.25(b)|. Typically, the channel
size is 4-5 A approximately, and this value determines the capsid width [194]. The av-
erage size that characterises this type of viral capsid is 25 nm in diameter [ligth green
line in figure 5.25(b)].

Next, we will compare the structure of the capsids studied in this thesis (AAV2,
AAVS8 and AAV9) according to work carried out by DiMattia et al., [263]. We see

that the main difference between capsids is the size and shape of the protrusions. The
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(b)

Figure 5.26: Comparison of AAV2, AAV8 and AAV9 structures - A surface density
map of the pseudoatomic model built into the (a) AAV2, (b) AAVS and (c) AAV9 cryo-EM
reconstructed density map. The capsid surfaces shown are radially depth cued with colours
ramping from red, yellow, green, to cyan, and finally to dark blue. The radial range for
the depth cueing was expanded to enhance the internal surface features. The triangles (a)
depict an asymmetric viral unit bounded by a five-fold axis and two three-fold axes. Arrows
indicate density for the DE and HI loops in (c¢). Arrows indicate example capsid surface
regions corresponding to VR-I and VR-IV. Adapted from [263]

“pointed finger-like” tips of the AAV2 and AAVS capsids protrusions are not present
in AAV9. The AAV9 capsid has shorter protrusions, indicating that the corresponding
surface loops in the AAV9 VP3 subunit must adopt different conformations. Density
at the base of each protrusion, which creates a raised surface region (a “two/five-fold
wall”) between the depressions at the two-fold axes and surrounding the five-fold axes,
differs three serotypes. According to the differences in the surface of AAV capsids, it
would be interesting to identify, in the same way, differences at the level of mechanical
properties. As we have mentioned previously, capsid protrusions are an essential factor
during the AAV infection process since they involved with receptor binding, thus being

critical sites of interaction with the host cell.

5.6.6 AAYV stability and mechanical properties

As the AAVs have to cross the plasmatic and nuclear membrane barriers and protect
the viral genome during the external and intracellular trafficking, the capsid performs
a wide variety of structural and biological functions required during the viral life cycle.
The capsid must maintain thermal and mechanical stability to protect the genome
until it encounters a host cell. In vitro and in vivo studies have shown that the capsid
stability depends on the serotype, the nature of the DNA (ssDNA or dsDNA), and the
size of the viral genome. [260,270,280-283]. Additionally, the capsid remains stable for
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Figure 5.27: Thermal stability of the AAV capsids - (a) Negative-stained EM images for
AAV1, AAV2, AAV5 and AAVS. AAV particles were heated at 37, 45, 65 and 75°C [281]. (b)
Thermal stability of rAAV1-rAAV9 and rAAVrh.10. (A) Coomassie blue stained SDS-PAGE
(left) and negative-stained EM (right). (B) Thermal profile for each serotype mentioned [282].

pH ranging from 5.5 to 8.5 [284].

Biochemical assays with antibodies recognising intact or denatured capsids showed
that AAV2 is less thermostable than AAVS8 [281]. Figure 5.27(a) shows images using
negative-strain electron microscopy for which the amount of AAVS8 capsids is greater
than AAV2 capsid at 65 °C. Bennett et al., [282] also studied the thermal stability of
several serotypes of AAV. They showed that AA2 is less stable than AA1, AAV3-9 and
AAVrh.10 [Fig. 5.27(b)|]. Comparing the stability between AAV8 and AAVY, we see
that AAV9 is more stable than AAV8. More interestingly, common AAV ancestors of
AAVS8 and AAV9 also displayed a gradual reduction of thermal stability [285].

Recently, the mechanical properties of AAV2 capsids have been characterised by
nanoindentation experiment using the AFM [183]. The high-resolution AFM images
identified the capsid orientation, and then the analysis was performed on the 2-fold
symmetry axis capsid. [Fig. 5.28(a)|]. Experimental analyses suggest that the encap-
sulated genome is not a determinant of the capsid stability since the resistance to a
deformation between each type (ssAAV, scAAV or empty capsid) was negligible, and
the stiffness value obtained was 1.5 N/m approximately. However, the quantitative
statistical analysis has shown that the dsDNA containing capsid had greater resistance
to deep deformation. Consequently, the experimental and the statistical analysis does
not show the same behaviour [183|. Supporting the experimental results of Zeng et al.,
Bennett et al., [282] shown that the encapsulated genome is not a determinant of AAV

capsid thermostability.
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Figure 5.28: Mechanical properties of AAV2 associated with 2-fold symmetry axis
- (a) AFM image showing the 2-fold symmetry axis of AAV2 capsid. (b) Capsid Stiffness, rup-
ture force and their respective rupture diametre. Three cases were analised, capsid containing
ssDNA, scDNA or when the capsid is empty. Adapted from [183].

Conversely, Horowitz et al., [260] show that the scAAV vectors required significantly
higher temperatures to uncoat than when ssDNA is packaged. Then, the stability of
the capsid depends on the nature of the DNA [Fig. 5.29(a)| as well as the size. For
example, as the size of ssDNA increases, the ssAAV capsid thermal stability decreases

[Fig. 5.29(b)].

5.7 Hepatitis B virus HBV

The hepatitis B virus is an enveloped DNA virus that belongs to the hepadnaviridae
family [286], and their genome is a partially double-stranded circular DNA (rcDNA)
where the viral polymerase is attached. The genetic material is inside an icosahedral

capsid covered by a lipid membrane of cellular origin. Chronic infections caused by the
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Figure 5.29: AAV2 capsid stability as a function of genome length and self-
complementarity - (a) Comparison of ssAAV, scAAV, and oversized ssAAV vectors shows
an inverse linear correlation of temperature Tm with vector genome size. (b) Percentage
of released genomes for different vector genome lengths. The viral vectors were heated in
2° increments and held for 5 min at each temperature prior to acquiring fluorescent signal.
Adapted from [260].

HBYV virus are a significant public health problem worldwide and are the leading cause
of liver cancer. Liver disease induced by HBV infections can be further aggravated by
superinfection with Hepatitis D Virus HDV, a Satellite RNA Virus that depends on
HBV to infect the host [287].

In particular, a major obstacle for the eradication of HBV is the persistence of the
viral genome into the nucleus of the infected cell as a circular double-stranded DNA epi-
some, called cccDNA (for circular covalently closed DNA). The cccDNA serves as the
sole template for transcription of the viral pre-genomic RNA (pgRNA) and other subge-
nomic mRNAs; finally leading to the formation of new infectious particles [288,289].
Thus, to achieve an HBV cure, it is necessary to silence the cccDNA transcriptionally

or to be able to eliminate established HBV episomes or prevent their formation [290].

Several studies are currently conducted to understand how cccDNA is formed and
maintained ¢n wvitro in human hepatocytes, and in vivo to achieve these aims. In
particular, significant efforts have been made these last years to develop in vivo models
of HBV infection consisting of immunodeficient mice engrafted with human hepatocytes
or of immune-competent mice, in which the HBV genome has been introduced into
murine hepatocytes via a viral vector such as those derived from Adenovirus or Adeno-
Associated Virus [291,292|. In this context, and as we explained in the previous section,
the characterisation of the HBV capsids physical properties can play an essential role

in obtaining effective treatment.
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5.7.1 Viral cycle of HBV

Here, we will briefly describe the HBV viral cycle [293]. The viral cycle begins when
the virions interact with the host cell through specific receptors found on the mem-
brane surface [294-302|, and the binding is probably irreversible [Fig. 5.30(1,2)]. The
internalization mechanisms and their host factors remain unclear, where it has been
proposed that this virus enters via endocytosis or by fusion with the plasma mem-
brane [Fig. 5.30(3a,2b)]. If the entry is by endocytosis, the endocytic vesicle fuses
with the virus lipid layer, and then the nucleocapsid is released into the cytoplasm
[Fig. 5.30(3b)]. A recently published review discussed this problem and suggested that
endosomal fusion seems to occur in late endosomes; however, the factors responsible for
triggering endosomatic fusion have not yet been identified [303]. Once the nucleocapsid
is released, it is transported to the nucleus through microtubules [Fig. 5.30(5)] [304].
The nucleocapsid is trapped in a complex nuclear pore (nuclear basket) [305,306] and
then the rcDNA is released into the nucleoplasm [Fig. 5.30(6)] [307]. The liberated
rcDNA is converted into covalently closed circular DNA cccDNA, the stable episomal
transcriptional template for HBV messenger RNAs mRNAs [289).
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Figure 5.30: The replication cycle of hepatitis B virus - See details in the main
text [308].
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Once the rcDNA is released, the P protein anchored at the 5" end of the negative
chain is removed. The deproteinisation reaction can be carried out by a host cell repair
enzyme that removes complexes covalently or by a nucleolytic pathway mediated by
endonucleases [Fig. 5.30(7)]. Next, both linear strands are joined mainly by host
cellular DNA ligase and after an extension of the positive strand; thus, the cccDNA
is formed. The cccDNA will then organise itself into a viral minichromosome [Fig.
5.30(8)]. HBV cccDNA can be epigenetically modified to regulate viral replication and
the expression of viral genes. The cccDNA is used as a template for HBV replication
and is then transcribed into HBV RNAs |Fig. 5.30(9)]. Subsequently, HBV RNAs are
translocated into the cytoplasm [Fig. 5.30(10)].

The pre-core mRNA is first translated into a pre-core polypeptide. At the same
time, a part of the pre-genomic RNA pgRNA is translated into core protein and P
protein, and the other parts of pgRNA are encapsulated in the nucleocapsid and serve
as templates for viral replication |Fig. 5.30(11)]. Next, the nucleocapsid is assembled
[Fig. 5.30(12)]. The pgRNA is converted to rcDNA through a reverse transcription
[Fig. 5.30(13)]. The nucleocapsids can shuttle back to the nucleus [Fig. 5.30(14a)] to
maintain a relatively stable pool of cccDNA [Fig. 5.30(15)], and other nucleocapsids
are enveloped by HBV envelope glycoproteins [Fig. 5.30(14b)|. Finally, the enveloped
virion is secreted from the cell. [Fig. 5.30(16)]

5.7.2 HBYV genome

The HBV contains a relaxed-circular DNA rcDNA genome of approximately 3.2 kb
in length with a complete minus strand and an incomplete plus-strand [Fig. 5.31(a)]
(review [309]). The viral genome encodes four parts of a reading frame that can be
translated ORFs: C, P, S and X, which result in different RNAs with a common poly-A

site.

The rcDNA is converted into covalently closed circular DNA cccDNA in infected
cells, and cccDNA produces HBV RNAs of different lengths [Fig. 5.31(b)]: (i) 3.5
Kb RNA produces the protein product from C and P. (ii) 2.4 Kb RNA is translated
into L-HBs. (iii) 2.1 Kb RNA synthesizes the other two surface antigens, M-HBs
and S-HBs. (iv) 0.7 Kb RNA produces HBx. Four promoters regulate transcription
for preS1, preS2, core, and X, and two enhancers, which is mediated by host RNA
polymerase 1T machinery-dependent transcription [310|. The HBV RNAs coding the
following proteins |Fig. 5.31(c)|:

(i) The structural proteins, HBsAg, are large, medium, and small forms. The three
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Figure 5.31: Schematic representation of the structure of HBV genomic DNA,
RNAs, and proteins - (a) HBV genomic rcDNA and the encoded ORFs (C, P, S, X).
(b) HBV RNAs (grey lines) produced by cccDNA transcription and the proteins (boxes)
produced from the RNAs. The RNA lengths and the RNAs names are shown on the left, (c)
HBYV proteins and the domain structures. Amino acid numbers and the lengths are shown

above the box and on the right, respectively [309].

HBs proteins share the common C-terminal S region. Also, M-HBs and L-HBs carry
an extended region, called the preS2 region, at S region N-terminus. L-HBs further
includes an extension preS1 region, which is essential for receptor binding during virus
entry [295,296,301,302], at the N-terminus of the preS2 and S regions.

(ii) The HBc or Cp antigen has an N-terminal assembly domain NTD is consti-

tuted by amino acid 1-149, and it is involved in the self-assembles into an icosahedral
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capsid consisting of 90 or 120 dimers. The C-terminal functional domain is involved in
packaging the 3.5 Kb viral pre-genomic RNA pgRNA associated with Pol [311].

(iii) HBe or external core antigen is produced by the translation of 3.5 Kb preC
mRNA, having an extended 5 upstream region of the C gene and subsequent cleavage
of the protein product at its C-terminus. The HBe is a hydrophobic region that forms
a signal peptide that allows the protein to transits through the Golgi to the cellular

surface. During the transport, the signal peptide and the basal tail are removed [312].

(iii) The polymerase is the most significant HBV protein, consisting of four domains:
(1) the terminal protein (TP) domain, which is essential for binding to pgRNA and
serves as a protein primer to initiate minus-strand DNA synthesis. (2) the spacer
domain, whose function has not been well defined. (3) the reverse transcriptase (RT)
domain has DNA elongation activity for reverse transcription and DNA-dependent
DNA polymerisation. (4) the ribonuclease H (RNaseH) domain, which digests pgRNA

after reverse transcription.

(iv) The thetranscriptional transactivator HBV X protein (HBx), which controls
HBYV transcription and transcription from cccDNA [313,314]. It also plays a role in

the development of HBV-related hepatocellular carcinoma.

5.7.3 Structure of HBV capsid

Dane et al., [315] were the first visualising via an electron microscope the Hepatitis
B Virus particles. At least three types of HBV capsids are observed in the serum of
infected patients (review [309]). Virions, also called Dane particles, consist of a lipid
membrane with three viral surface antigens HBs, large L-HBVs, middle M-HBs and
small S-HBs surrounding a nucleocapsid composed of hepatitis B core protein HBc,
viral polymerase (Pol), and viral genome DNA [Fig. 5.32(a)]. This virion presents
spherical structures of 42 nm in diameter. Other smaller particles (22 nm in size) were
identified in patient serum, which is much more abundant, including subviral particles
(SVPs) that lack the nucleocapsid and are thus non-infectious [Fig. 5.32(b)]. Other
non-infectious particles are produced during the infection process, including enveloped
particles containing viral RNA instead of the viral genome and envelope-less particles
(naked nucleocapsids) |Fig. 5.32(c)] [316].

Capsid assembly is initiated by rapid dimerisation of 2 monomer Cp through hy-
drophobic interactions forming a four-helix cluster. The Cp dimers are then trimerised

in a slow reaction, followed by the association of these Cp hexamers generating the
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Figure 5.32: Schematic representation of HBV particles - (a) Infectious HBV virion
(Dane particle). (b) Non-infectious HBV particles, including enveloped capsids containing

immature DNA /RNA, subviral particles (sphere and filament), and naked nucleocapsids [309].

capsids [318-323]. The core proteins are organising into 90 or 120 dimers to form cap-
sids with a T' = 3 symmetry or in T = 4 symmetry capsid, respectively |[Fig. 5.34].
The T=4 capsid is the major assembly product (95%) with a small amount T=3 capsid
observed in infected human livers, recombinant E. coli capsids, and in vitro assembled
recombinant HBcAg subunits [324-328]. The capsids appear to have a spherical shape.
The capsid is 34 nm in size between two protrusions, and the inner layer is 24.4 nm for

a capsid of T=4 symmetry [148].

hexamer

dimers tetramer 4 )
nucleation capsid

Figure 5.33: Assembly of HBV capsid - HBV capsid assembly process based on experi-

mental data and mathematical modeling [317].
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Jise sfi%

Figure 5.34: Cryo-electron micrographs of HBV capsids - (a) Electron cyromicrographs
showing particles assembled from intact HBcAg protein. Differents particles are visualised:
large empty le, small empty se, large full if and small full sf. Scale bar 50 nm. (b) Sur-
face representations of the computed three-dimensional maps of small empty (a) and large
empty (b) core particles, showing the view along a 5-fold axis. The small particle shows 90
protruding spikes (dimers), arranged with dimer dustered T=3 icosahedral symmetry. The
large particles shows 120 protruding spikes (dimers), arranged with dimer clustered T = 4

icosahedral symmetry. Adapted from [324].

5.7.4 HBYV mechanical properties

Roos et al. [329], measured the mechanical response of the HBV capsid, for both T=3
and T=4 symmetry, via the atomic force microscopy AFM. Figure 5.35(a) shows the
AFM images for both capsids. Most studies on the capsid deformation have revealed a
remarkable linear elastic force-indentation response. However, HBV capsids reveals a
continuous nonlinear behaviour at large indentations [see experimental data in figure
5.35(b)]. Due to the significant differences in the force curves in [329], the authors
proposed a capsid orientation dependences for empty capsids, unlike the linear curves

shown by Carrasco et al., [156].

Also, Roos et al., [329] performed simulations of capsid nanoindentations for two,
three and five-fold symmetry axis, allowing the experimental data to be separated
by matching with the simulation [Fig. 5.35(b)]. Finally, the results suggest that the
Hepatitis B Virus capsids T=4 are stiffer and similar at the two and five-fold axis [Fig.
5.35(c,right)]. For T=3, the three and five-fold symmetry axis are stiffer and similar
to the two-fold symmetry axis [Fig. 5.35(c,left)]. Simulations carried out by Arkhipov

et al., [176], belonging to the same Roos group, found reached the same conclusion.

Other previous studies did not show orientation dependence since it was not possible
to identify the capsid orientation through the AFM images [175,176|. Particularly,
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Figure 5.35: AFM nanoindentation experiments for HBV capsid - (a) AFM image
of a T=3 (top) and T=4 (down) capsids. (b) Experimental curves grouped by apparent
orientation for (left) T=3 and (right) T=4. Individual experimental curves are grouped
according to the binning procedure based on the curves obtained from the 3D FE model.
(¢) Curves from the FE simulation separated along symmetry axes for T=3 (top) and T=4

(down) capsids. Also, the figure shows the average experimental force curve in green [329].

Uetrecht et al., [175], through their force curves, found a stiffness value of 0.1 N/m for
T=3 and T=4.

5.8 QOur work in this context

Viruses are nanosized, genome-filled protein containers with remarkable thermody-
namic and mechanical properties from a physical point of view. Looking at the viral
cycle, we can make the following hypothesis: Viral capsids need to be sufficiently sta-
ble to protect their genome in the extracellular environment but unstable enough to
release their genomes into the cell nucleus. From this last statement, we can infer that
the capsid mechanical properties play an essential role in the viral genome containing
and ejection. Several recent works support this idea, pointing out the correlation be-
tween the mechanical properties of viruses and their ability to infect cells [330-332]

but showing discrepancies in the value of measured stiffness. On the other hand, the
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causal link between mechanics and infectivity remains unclear.

Next sections, we attempt to answer the following questions.

e Does the indentation position change the measured stiffness of the capsid? If
the answer to this question is yes, can we define a protocol to perform a good

estimation of this value?

e The capsid structure is not homogeneous; it has vertex, faces and edges. This
structure depends on the protein number constituting the capsid. Are the me-
chanical properties depending on the capsid structure? For a specific viral capsid,

could the measured stiffness be affected by the icosahedral geometry orientation?.

e Are the mechanical properties of the capsid relevant during the capsid uncoating

process?

e HBV and AAV have approximately the same capsid size, but they have different
nuclear entry. Transport receptors assist the transport of HBV while AAV crosses
the nuclear membrane through a nuclear pore complex. Is it possible to describe

this process through the mechanical properties of each capsid?

e ITRs genome of AAV play an essential role in gene therapy. Can the understand-
ing of the ITR conformation increase the performance of gene therapy and the

possible clinical applications?

e [s it possible to answer all the previous questions by using the AFM?
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AFM protocol to determine the viral

capsid stiffness
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Summary

This section will explain how the mechanical and morphological properties of capsids
were obtained using AFM nanoindentation. The following sections show how the cap-
sids are purified and the deposition protocol that allows visualising the capsids through
the AFM images. Then, we show the protocol that allows the extraction of the morpho-
logical properties from those AFM images. Additionally, we will explain the protocol
to do nanoindentation experiments through a single point in the capsid centre and an

indentation profile. Finally, we analyse the force curves for the two protocols.

6.1 Capsid purification

The purifications of AAV capsids were carried out by Anna Salvetti’s team at the
International Research Center in Infectious Diseases (CIRI) at ENS de Lyon. The
production of viral particles is based on the transfection of plasmids encoding the

proteins (structural and regulatory) of viruses and the viral genome [Fig. 6.1].

Three types of plasmids are incorporated into human cells of the HEK293 line by ion
shock provided by the Calcium Phosphate transfection method [Fig. 6.1(b,c)]: (i) The

plasmid carrying the AAV-GFP genome encoding the transgene contains the sequence,

(a) ‘ 47kb
TR [%_:H TR
Transgene

cap AAV
vector

/ Plasmid

rep-cap

(c) Transfection

of plasmids
MR (d) Purification and

filtration of AAV
capsids

Transgene

Plasmid
vector

Figure 6.1: Diagram of AAV production process in wvitro - See details in the main

text.
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which will be incorporated into the capsid as a viral genome [Fig. 6.1(a)]. (ii) The
Rep-Cap plasmid encoding structural proteins (Rep) and regulatory proteins (Cap).
(iii) The helper plasmid containing adenovirus genes encoding regulatory proteins must
produce capsids by the transfected cell. After three days of incubation, the cells are
suspended in buffer and then destroyed by freeze-thaw cycles. The lysate obtained
is then purified by two successive density gradients of caesium chloride (CsCl). The
density of correctly assembled AAV particles is well characterised. The CsClI gradient
allows the recovery of functional capsids and removes cellular contaminants and mal-
formed or empty capsids. Dialysis is performed to remove all traces of CsCIl. At the
end of these purification steps, the AAV particles are suspended in a PBS + buffer
solution (phosphate-saline solution with divalent Mg®™ and Ca%r). Their concentra-
tions, measured by qPCR (Quantitative Polymerase Chain Reaction), range from 1010
vg/mL to 1013 vg/mL depending on the cell production efficiency and the more or less
selective quality of the purification filtering [Fig. 6.1(d)]. The helper plasmids used for
production were pDG, pDGS8 and pDG9 from AAV2, AAVS8 and AAV9, respectively.

6.2 Capsid deposition in mica

To study the capsids in a physiological environment, we modulated different chemical
parameters of the buffer solutions. The goal here is to immobilise the capsids onto
mica. The adhesion to the surface causes a deformation on the capsid; therefore, we
must find an optimal condition not to deform the capsid too much. It remains glued
enough so that it does not detach when the cantilever tip press on the capsid. Divalent
cations play a bridge role between the negatively charged surface and the particle. The
most common cations to adhere to viral particles are MgCly and NiCl, [333,334], where
NiCl;, has been shown to provide stronger binding of the DNA in mica for measurements
in liquid [335].

The cases analysed for AAVS capsid are explained below:

1. Dried sample and PeakForce in air: the AAV solution was diluted in Tris 10 mM
(ph=7.4) + (i) 5 mM MgCl,, (ii) 1 mM NiCl, or (iii) 5 mM NiCl, [Fig.
6.2(b-d)]. Immediately after, 5 ul of the solution was deposited onto mica disks

previously cleaned using adhesive tape. After 10 min of incubation to favour
adhesion, the sample was washed with 1 ml of ultrapure water and dried gently
using nitrogen flow. AFM images show some smaller objects adhered to the
surface, where the sample containing NiCl, 1 mM shows a higher amount of
these objects [Fig. 6.2(b-d)]. The capsid height has been calculated (details
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Figure 6.2: Deposition conditions when the sample was dried - AAV solution was
diluted in Tris 10 mM (ph=7.4) + (i) 5 mM MgCly, (ii) 1 mM NiCly or (iii) 5 mM NiCls.

Immediately after, 5 ul of solution was deposited onto mica disks previously cleaned using

adhesive tape. After 10 min of incubation, the sample was washed with 1 ml of ultrapure

water and dried gently using nitrogen flow. (a) The height of the capsids were determined
from the AFM images of the conditions: 5 mM MgCly (b), 1 mM NiCly (c) and 5 mM NiCly

(d).

was added to be able to analyze capsids in liquid.

(e,f,g) shows the probability density of the capsid height or AFM images when buffer

on the analysis of the images in a later section). We noted that the magnesium

generates a greater adhesion on the capsids generating a decrease in the apparent

height [Fig. 6.2(a)].

in [280].

2. Dried sample and PeakForce in fluid:

The determined capsid height is similar to that reported

once the sample has been deposited in

mica, according to protocol 1. We additionally added 30 pl of 5 mM MgCls,
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1 mM NiCly or 5 mM NiCl, to each condition. Therefore, we will have nine sam-
ples to analyse [Fig. 6.2(e-g)]. When analysing viral capsids in a liquid medium,
they will tend to behave in their natural state; therefore, it is expected that the
height measurement will be close to the real capsid height. In case (i), we do not
see variations if we add NiCl, in comparison with MgCl, that generated an in-
crease in the apparent height. As we mentioned, nickel has a stronger interaction
force. Therefore, although the capsid wants to return to its natural state, nickel
does not allow it since the interaction force is stronger [Fig. 6.2(e)|. In particular,
when the sample was prepared with 1 mM NiCl, in air [Fig. 6.2(c)|, and then
we added 5 mM NiCly, the capsids broke [Fig. 6.2(f)], consistent with recently
mentioned. However, the opposite case did not generate a break in the capsids.
The samples prepared with 5 mM NiCl, sufficiently adhered to the capsids in
mica |Fig. 6.2(d)|, but by adding 1 mM NiCly, that is, a less strong buffer, the

capsids remained intact.

. Not dried sample and PeakForce in fluid: the AAV solution was diluted in Tris

10 mM (ph=7.4) + (i) 5 mM MgCl,, (ii) 1 mM NiCl, or (iii) 5 mM NiCl,.
Immediately after, 5 ul of the solution was deposited onto mica disks previously
cleaned using adhesive tape. After 20 min of incubation to favor adhesion, we
added 30 pl of (i) 5 mM MgCl,, (ii) 1 mM NiCl;, or (iii) 5 mM NiCl, to the
sample. As before, we have nine samples to analyse [Fig. 6.3]. Here we study the
drying effect when the sample is prepared. We use the conditions measurements
as if we had dried the sample, that is, a specific buffer to adhere the capsids in
mica and another buffer (it can be the same or different) to obtain the images in
liquid mode. In general, we see that the capsids height is closer to the expected
value (~25 nm); therefore, drying the sample generates a greater deformation
caused by the mica adhesion. Unlike the TM5mM-TM5mM case (dry sample)
[Fig. 6.2(e)], in this case no capsid adhered to the mica [Fig. 6.3(a)|. In the other
two cases, TM 5mM-TN 1mM and TM 5mM-TN 5mM, either many more small
particles were attached |[Fig. 6.3(b)] or the capsids were broken [Fig. 6.3(ab)].
Although, the particles that managed to stick to the surface show a height that
can be considered. On the other hand, when nickel was used to adhere to the
capsids, generally good conditions were obtained for the capsids. The protocol
selected was determined according to impurities adhered to the surface; therefore,
TN1 mM-TN1 mM was chosen because it had fewer impurities than the other

conditions.

Finally, the chosen deposition condition is: the AAV solution was diluted in Tris

10 mM (ph=7.4) + 1 mM NiCl,, immediately after, 5 ul of the solution was deposited

onto mica disks previously cleaned using adhesive tape. After 20 min of incubation to
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Imaging in fluid (not dry)
(a) (b) (c)

Figure 6.3: Nondried sample deposition conditions - AAV solution was diluted in Tris
10 mM (ph=7.4) + (i) 5 mM MgCly, (ii) 1 mM NiCl; or (iii) 5 mM NiCl,. Immediately
after, 5 ul of solution was deposited onto mica disks previously cleaned using adhesive tape.
After 20 min of incubation to favor adhesion, we added 30 pl of (i) 5 mM MgCl,, (ii) 1
mM NiCl, or (iii) 5 mM NiCl, to the sample in order to visualized the capsid in liquid

mode.

favour adhesion, we added 30 ul of TNy, to the sample and another 70 pl of TNy,
in the AFM liquid imaging cell.

6.3 AFM imaging

Images were obtained using PeakForce mode in liquid. The cantilevers used, Bruker

ScanAsyst-fluid-plus and Bruker SNL-10(A), have a triangular geometry with a nomi-

134



6.4. IMAGE ANALYSIS IN A POPULATION OF CAPSIDS YERALDINNE C.

(@ )

2.0 pm

Figure 6.4: AFM images of capsids - (a) Original image. (b) Flattened image using

NanoScope Analysis program.

nal radius of 2 nm. The nominal stiffnesses are 0.7 and 0.35 N /m, respectively; never-
theless, the cantilever spring constant k. measured by thermal noise was around 1 and
0.4 N/m. The scanned images were squares of 2 ym side, with a resolution of 512x512
pixels and a scan frequency of 2 Hz [Fig. 6.4(a)]. The maximal force applied was 1000
pN for the three serotypes AAV2, AAVS8 and AAV9. As in the previous chapter, the
tilt and low noise frequency in the AFM image were removed using the NanoScope

Analysis program [Fig. 6.4(b)].

6.4 Image analysis in a population of capsids

To obtain the capsid morphological properties, we applied a similar analysis image
process as in section 3.3.1. The interpolation process and the applied spatial filter are
the same as in DNA analysis [Fig. 6.5(b-c)|. In this case, the height threshold used was
6 nm; this value allows us to separate the capsid from the surface [Fig. 6.5(d)]. Then,
we applied an area filter, where the minimum and maximum areas thresholds were 500
nm? and 2000 nm?, respectively |Fig. 6.5(e)]. If there is no convolution effect between
the cantilever tip and the capsid (ideal case), the area of the capsid 2D projection is
approximately 650 nm? (Reupsia = 12.5 nm); therefore, the minimum area of a capsid
should be around this value. The filters used until now do not select an isolated capsid;
some capsids are still touching each other. To eliminate dimers or multimers of capsids,

we used a parameter called the fractal number, defined as

F = P?/Anc A, (6.1)
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where P is the perimeter and A is the object area. We used F < 0.8 and F > 1.2
to removed ill-defined and agglomerated capsid, respectively |Fig. 6.5(f-g)]. Capsids
that touch the edge of the image were also removed from the image. Then, we used
a capsid filter; that is, we chose structures with a height greater than 10 nm. Thus,
we make sure to choose only capsids. The coloured boxes represent the comparison

between each step effect of the analysis with the previous image |Fig. 6.5]. Finally,
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Figure 6.5: Image analysis steps - (a) Flattened image coming from NanoScope, (b) In-
terpolation and (c) noise filter performs an image [125]. The height filter (d) and area filter
(e) remove all the small detection associated to noise and/or impurities of the image. (f)
Bounding filter removes capsids touching the edge of the image, (g) Double capsid filter re-
moves overlapped capsids. (h) shows the processed image. Here, all non-zero values represent
the analysed capsid. The coloured boxes represent the comparison between each step effect

of the analysis with the previous image.
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Figure 6.6: Capsid height and area probability density for AAV8 capsid - Correla-
tion between the capsid viral height and area. (a) Edited image showing two capsid type. (b)
Probability density map for 1188 capsids. From the profiles we note the more probable height
is 23.9 + 1.3 nm (capsids marked with a green square in (a)). The horizontal black line over
20 nm separates the capsids population in two groups with different areas. (c) Probability
density of the capsids with a height smaller than 20 nm. We found 12% of the total amount

of capsids form this second probability peak (capsids marked with a yellow square in (a))

we multiplied the treated and binarised image with the original image, resulting in an
image with the original height values and only with well-defined isolated capsids [Fig.
6.5(h)|. Next, we calculated the different morphological properties as the height, area
and volume of each capsid. To obtain the height capsid, we look at the maximum pixel
value. The area was obtained from the addition of the number of pixels. The volume

was obtained from all pixels value addition.

The analysis was performed over 48 images, with 1188 capsids selected according to
the protocol explained above. The analysis was developed using AFM images obtained
with the cantilever SNL-10. Two types of capsids are seen in the image 6.6(a), in which
the smallest object has a small height. The capsids height probability density shows
a peak, highly probable, for a height of 23.9 + 1.3 nm (N=1040) |Fig. 6.6(b)|. For
AAV9, it has been reported that the minimum diameter at the icosahedral 2-fold axis
is 23 nm and 25 nm at the 3-fold. The maximum diameter is 29 nm at the tips of
the protrusions surrounding the 3-fold axis and lies 3 nm from that axis [263]. The
diameter between the tips of two protrusions for AAV2 and AAVS are 29.4 and 30 nm,
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Figure 6.7: Capsid height for AAV2, AAV8 and AAV9 - (a) AFM images for AAV2,
AAV8 and AAVY capsids. (b) Probability density of the capsid height, where the capsid
AAV2, AAVS and AAV9 have a height of 22.8 + 1.2 nm, 23.9 + 1.3 nm and 22.0 + 1.3 nm,

respectively.

respectively [148]. Our measure value suggests that the capsid adhesion to the surface
generates a deformation on it, showing a height of 5 nm less than the expected value.
Zeng et al., [336] observed a 3-4 nm height decrease for Brome Mosaic Virus when the
capsid was deposited on mica. The second peak, capsids with a height lower than 20

nm are empty capsids [Fig. 6.6(c)].

Subsequently, we compared the height capsid for AAV2, AAV8 and AAV9. AFM
images show no visible differences, however analysing capsid height probability density,
we noted the AAVS8 capsid present the highest apparent height compared to AAV2
capsid, followed by AAV9 capsid. Zeng et al. 2017 [336] proposed that capsid reduced
height measured in the AFM is due to the deformation and adhesion energy. Assuming
the capsid like a sphere of radius r [Fig. 6.8(a)|, the adhesion energy will deform the
sphere a height Ah generating a circular contact zone of radius a [Fig. 6.8(b)]. The
energy of the capsid will be the elastic energy Ey.5 plus the contact adhesion energy

FE.q, so we can write,

Etotal = Edef + Ead- (62)
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Figure 6.8: Zeng model: capsid reduced height measured in the AFM is due by
the deformation and adhesion energy - (a) Scheme of a capsid without deformation on

a substrate and another that has a decrease in height due to the adhesion and deformation

energy (b).

Figure 6.8(b) shows the behaviour of each term and the total energy (segmented line)
as a function of the deformed capsid height h. We used the same buffer to adhered the
AAV2, AAVS8 and AAVY capsids to the mica surface, and we could suggest that they
have similar adhesion energy. The total energy capsid is meanly due to the deformation
energy, i.e. the reduced height should be given only by deformations energy comparing
the serotypes. From the capsid height obtained from the AFM images [Fig. 6.7], and
using the relation proposed by Zeng et al., [336] for the elastic constant, we obtained

the following relation:

_ Eaey

ko= 375

(6.3)

From this eqution, we could infer that AAVS capsid is stiffer than AAV2 and AAV9.
We will determine these three capsid stiffness values in the later sections and see if this

assumption is fulfilled.

6.5 AFM image analysis for a single capsid

Indentation experiments are generally performed on individual capsids. To extract the
singular capsids morphological properties, we must perform a different image analysis
from the one performed when there is a population of capsids. We will explain step by
step how we developed the nanoindentation experiments and, in particular, the image

analysis.
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First, we scanned a square image with 2 pym size, with a resolution of 256x256 pixels
at a scan rate of 2 Hz. The maximum force applied was set between 200-300 pN; we do
not break the capsid with this force. The image was limited to 300 nm in size, with the
capsid on the image centre. Figure 6.9 shows a screenshot of the Nanoscope software

where we see how the capsid is being scanned under the mentioned parameters.

The diameter of the capsid was measured through the height profile. Once the
images were edited, a line was traced over the capsid centre, and then the diameter
was obtained from the non-zeros values addition. Unlike the image analysis performed
on large-scale AFM images, the capsid height has been measured from a circular region
average in the capsid centre. Below we will explain in detail how these two parameters

have been determined.

The capsid centre was determined from the centre of mass of the image (¢m) in
the first instance. However, the position depends on the capsid section considered.
Figure 6.10(a~c) shows the original AFM image and two images edited in Matlab for
two different height thresholds. Choosing the height threshold of 3 nm, the c¢m position
of the image |black point in figure 6.10(b)] does not coincide with the capsid centre. On
the contrary, choosing a height threshold of 14 nm, the ¢m position [white point in figure
6.10(c)] does coincide with the capsid centre. This effect is mainly due to the height

305 e $E00GE M0

@l \}\ I ‘\} u‘bﬂr‘ \"l |

T
[/ -

Bz B B ) Cr——
DaTgn o ot [v] Dt tace  [u] Coalom paeht v vl [ i
B oo G G 00037 s D007 et

WIQSO asm

Figure 6.9: NanoScope software screenshot - In this screenshot we remark the Point
and Shoot feature, allowing to make indentation over points specifically selected from a pre-

scanned image.
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Figure 6.10: Capsid centre from AFM images - (a) Single capsid AFM image. (b)
Edited AFM images using a height threshold of 3 nm. The black point represent the centre
of mass position. (c) Idem as the case (a) but with a height threshold of 14 nm. The white
point represent the centre of mass position. (d) Height profile over the capsid centre (white
point in (c)) for different height threshold.

density that is not uniformly distributed. The 3 nm case has height values (light blue
in the image) related to the capsid convolution effect and the cantilever tip generating
a centre of mass position shift. Furthermore, the parameters used to obtain the image
also play a role in the capsid shape. Figure 6.9 shows an image being scanned and a
blue and red curve graph. These two curves represent a height profile for each vertical
line of the image, where the red curve is the information when the cantilever goes from
left to right, and the blue curve shows the information when the cantilever goes from
right to left. We see that both profiles do not match when they pass over the capsid,
effects generated by speed, number of image points or scanning force. Consequently,
the centre of mass of the image was determined, excluding the convolution effect part.
Next, we traced a horizontal line in the capsid centre to determine the capsid diameter
|[Fig. 6.10(d)]. We must mention that this threshold (14 nm) is used only to determine

the correct center of the capsid.

To choose the right height threshold and then determine the D upsid arar, we used
a simple interpretation. Knowing the apparent capsid height and the geometric pa-
rameters of the cantilever tip, we could estimate the total diameter D qpsig arny as can
be seen in the diagram in figure 6.11(a). In large-scale AFM images, 2 pum, the capsid
height is determined from the highest point. According to the image parameters used,
1 px = 3.8 nm, where 1 px contains 15 % of the information of the capsid (Reapsia = 25
nm). In images with a single capsid, 1 px = 1.2 nm, i.e. 1 px contains only 5 %. To
have the same condition, we choose a radius of 3 px, equivalent to 15 % of the infor-

mation of the capsid. The average heights for 62 capsids are shown in figure 6.11(b),
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where the error bars represent the standard deviation of the data in the central region.
The cumulative average height of all capsids is 22.5 nm, and the grey region represents
the cumulative average height standard deviation [Fig. 6.11(b)]. Comparing the height
capsid obtained from large-scale AFM images and AFM image with a single capsid, we
noticed that the second case presents a reduction in the height measured. The height
difference could be related to the applied force because the force is not the same in
both cases.

In the ideal case, when the cantilever tips are intact (Reqntitever = 2 1m) and using a
capsid hight of 22.5 nm, the diameter D 454 arn determined should be approximately
37 nm [scheme in figure 6.11(b)|. Figure 6.11(c) shows that the D ypsiaarn values go
up to 40 nm considering a height threshold of 3 nm; this case must happen when the
tip does not have a radius of 2 nm. Bruker, the cantilever brand, mentions that the
cantilever tip radius can go up to 12 nm. Therefore, we must take into account that
the cantilever tip has not the same size every time. The minimum value of the height
threshold such that the convoluted part between the cantilever tip and the capsid is not

removed is 8.5 nm. To have a height threshold standard for all the images, we choose

Dcapsid,AFM
(b) 25 © 59
. § AAVS (N=58)
£ 24 45
g 23 ‘I * } g/ 40
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Figure 6.11: Capsid apparent diameter determination - (a) Schematic of a capsid
with two cantilevers on each side. The distance between the centres of the two cantilever
tips represents the capsid diameter (Dcqpsia, arn) and happarent is the capsid height, both are
obtained from the AFM images. (b) The average height of 62 capsids. The capsid height
was obtained considering a circular region with 3 nm in radius. In this case, 1 nm = 0.85 px.
The error bars represent the standard deviation of data contains in this circular region. (c)

Dapsia,arm as in function of the height threshold.
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Figure 6.12: Apparent diameter for AAV2, AAV8 and AAV9 - Apparent capsid
diameter as a function of height threshold for (a) AA2, (b) AAVS and (c) AAV9. The inset
shows a schematic of the capsid with two cantilevers on each side. The capsid height shown
is the height obtained from the AFM images, and the distance under the capsid is the width
that must be found according to the configuration shown. The drawing represents the real

scale between the capsid and the cantilever tip.

an intermediate value between 3 and 8.5 nm; that is, we choose a height threshold
equal to 6 nm.

Additionally, this analysis has been performed for AAV2 and AAV9 capsids [Fig.
6.12]. The diameter Deqpsigarm as a function of the three serotype height threshold
changes. This behaviour could be associated with how much the capsid was deformed
in the mica. However, we will not address this possibility for the moment. According
to the measured capsid apparent height, we see that the range of the height threshold
for AA2 varies from 2 to 10 nm, so we choose 6 nm as an intermediate value [Fig.
6.12(a)]. For AAV9, the height threshold range varies from 3 to 9 nm; in the same way,
the intermediate value chosen is 6 nm [Fig. 6.12(c)|. Finally, we have chosen 6 nm as
a threshold height for the three types of capsids [Fig. 6.12].

Up to this point, we show the protocol for extracting the morphological properties
of the capsids from the AFM images. Next, we will show how to extract the mechanical

property of the capsid, precisely, the capsid stiffness from the nanoindentation curves.
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(a) \3 (b)

kcan

kcap

Figure 6.13: Scheme of the typical z-F curves when a capsid is deformed - (a)
The z-F curves show three regimes: (1) he cantilever has not yet touched the capsid. (2)
Both the capsid and the cantilever are deforming. (3) Deformations are given only by the
cantilever deformation. (b) The capsid and cantilever set can be considered two springs in a

series cantilever, assuming the capsid as an elastic shell.

6.6 Methods to determine the capsid stiffness from

z-F curves

A schematic of a typical z-F curve when a cantilever is deforming a capsid is shown
in figure 6.13(a). Three regimes can be identified: (1) when the cantilever has not
yet touched the capsid, then the force is zero. (2) The capsid and the cantilever
are deforming simultaneously. (3) Deformations are given only by the cantilever. At
this point, the capsid reaches its deformation limit. Therefore, the moment where we
can analyse the capsid deformation is during regime 2. However, the calculation is
not direct since the information curve contains both the capsid deformation and the

cantilever.

To calculate the capsid stiffness, we used two methods: (i) the two spring in series
method and (ii) the method that allows obtaining the stiffness from the force curves

as a function of the deformation capsid.

6.6.1 Method 2 spring in series

The capsid and cantilever set can be considered two springs in series, assuming the
capsid as an elastic shell [Fig. 6.13(b)]. The effective elastic constant k.r; of the

capsid-cantilever system is calculated using the relation,
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1
kery

11
LI 6.4
R (6-4)

where the k. and k, are the cantilever and capsid stiffness, respectively. The capsid
effective stiffness k.pr was calculated from the linear part of regime 2 [Fig. 6.13].

Solving, the k, can be written as,

keffkc

ky = —o
keps — ke

(6.5)

To refer to capsid stiffness using this method, we will use k,; as the nomeclature.

6.6.2 F(0) method

In the second method, the capsid stiffness k,o was calculated from the horizontal dif-

ference between the reference curve and the z-F curves at a constant force, according
to the following |Fig. 6.14],

F(2) = kegs(z — 20), (6.6)

FC(Z) = kc(zc - ch), (67)

where F'(z) and F,.(z) are the mathematical representation of the force exerted on
the capsid-cantilever system and the cantilever to deform it (z — zp) and (z. — 2o.),

respectivally. We used the same principle as method (1), the slope of the capsid-
cantilever curve K.y is defined as,

F

F(zc)

Zoc Ze Zo Z z

Figure 6.14: Scheme showing two z-F curves - Force curves as a function of the vertical
displacement of the cantilever z. Blackline represents the cantilever deformation and the blue

line represents the deformation of the capsid-cantilever system.
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bops = (6.8)

Combining the equations 6.6, 6.7 and 6.8, and for a common force value, we obtained

F(Z) = kff?{v (Z - ZO) = c(zc - ZOc)a (69)

F(z)
Ze = .

+ Z0c- (610)

From the figure 6.14, we defined a new ¢ as,

0=2— 2, (6.11)

and using the equation 6.10,

F(z)

z2=20+ 29 + o

(6.12)

We can redefine the variable F'(z) such as,

k.k, F
Fa) = 0 (‘” = ”OC‘Z”) (6.13)

kv ) kaU ) kaU (ZOC_ZO)- (614)

() (1_kc+kv etk TRtk

The last term kkcf;; (zoc + 20) tends to zero if the contact points are aligned both at

zero. Then,

F(2) = kyo (6.15)

However, if the contact points are not horizontally aligned, can we still extract the
capsid stiffness? The answer is yes; we can extract it. If we do not remove the last

term from the equation 6.14, F'(z) is defined as
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Figure 6.15: Scheme showing two z-F curves 2 - Force curves as a function of the

vertical displacement of the cantilever z. Blackline represents the cantilever deformation and

the blue and yellow lines represent the deformation of two different capsid-cantilever systems.

F(z) (0 4 20 — 20)

Ky
ky[z — 2z + (20c — 20)]
Ky

[z — 20 — (2¢ — 20c)]-

(6.16)

where z — z; is the difference of 2z in a given range of force for the capsid-cantilever

curve, and the variable z. — 2. is the same but for the cantilever curve. In this example,

we have defined the force range AF = F,, — Fyoun, Where Fy,,, is zero. However, this

definition is true for nonzero Fj,,,. Then, the difference of the forces is defined as

follows |Fig. 6.15],

Fup - Fdawn - kv[z — 20 — (Zc - ZOC)]'

We can generalise it to any other capsid-cantilever curve,

Fup - Fdoum = kv[zi - Z(i] - (Zc - ZOC)]'

Finally, the capsid stiffness can be calculated from the following relation,

Fu _Foum
kv:k(F(é))*Zz_ ZP_ d_ )
28 — (2e — 20c)
Fu - F own
ka = P d

2= 2 — (2 — 200)
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Figure 6.16: Indentation curves interpolation - (a) Force curves over the capsid (blue)
and over the surface (black). There is a difference in the amount of point on each curve.
(b) The interpolated force curve over the surface have the same amount of points than the
curve over the capsid and with points in the same force values, allowing the subtraction of

the curves.

The advantage of determining virus stiffness in this way is that it is unnecessary to
determine the point of contact precisely. The contact point problem is one of the big

problems that arise when determining the indentation distance on the virus.

It is necessary to do a new treatment on the curves to use this method, specifically
on the curve with the cantilever information. As shown in our description, the curves
must be subtracted at the same specific force; experimentally, we do not have this
case. Figure 6.16(a) shows the reference curve (cantilever deformation) in black and
the capsid-cantilever curve in blue. The circles represent the acquisition points. We
noted that the curves do not have the same number of points; this is consistent because
the cantilever travels different vertical distances, and for that route, the same number
of points is set on these curves. Besides, it can be seen that the points are not equally
spaced on the black curve; this is due to how the AFM software works. For example,
the cantilever is descending vertically, and when it has reached a force of 0.2 nN, it
has already set 95/100 points and realises that it only has 0.5 nm left, then it must
fill that distance with the remaining points. Then, as the cantilever descends, it must
calculate in each step how many points it has left; for this reason, the distance between
points is not constant. To calculate the horizontal difference between the two curves,
they must have the same number of points. To do this, we carry out an interpolation
on the reference curve, fixing the same number of points as the capsid-cantilever curve
[Fig. 6.16(b)]. This process was carried out for each capsid-cantilever curve since each

curve has different behaviour.
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Figure 6.17: Surface-Mica Analysis: contaminated layer - The slope of the z-F curves
for (a) AAV2, (b) AAVS and (c) AAV9. Three repetitions were made in each indentation.
Here, we averaged all the cantilever stiffness values obtained using thermal noise (blue line):
this value is independent of the capsid type that has been indented. The light blue section
contains the standard deviation of all stiffness values. (d,e,f) AFM images in two different
scales for the three serotypes. We see impurities adhering to the surface at a scale that goes

from -1.1 nm.

6.7 Nanoindentation on the surface

All 2-F curves were obtained using Point and Shoot feature of Bruker acquisition soft-
ware [Fig. 6.9(light blue box)|, and they were obtained using the following parameters:
the z-range was 100 nm, where each curve contains 1024 points. The ramp rate at
which the piezo complete an extension-retraction cycle was 1 Hz approximately, and
we used 700 pN of maximal force. Every time we indented a capsid, three indentations
over the surface were obtained additionally. The indentation over the surface are re-
quired to calculate the stiffness capsid, as explained in the previous section. Besides,
this reference curve is a control parameter in our protocol; the mica is rigid, then the
2-F curve slope should give us the cantilever stiffness value since only the cantilever
is deforming. Next, we will show the experimental results of indentations on a rigid

(mica) surface to verify this assumption.
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Figure 6.18: Surface-Mica Analysis: contaminated layer - Single AFM images for
AAV9 capsid. The AFM images show a sample with two different capsid sample dilution

(a,b) and another sample with not capsid solution (c).

6.7.1 Force curve slope on a rigid surface gives us the cantilever

stiffness

Analysing the slope of the z-F curves on the surface, we noted that the slope values are
smaller than the expected value (the cantilever stiffness value obtained from thermal
noise) [Fig. 6.17(a~c)]. This difference could be related to impurities over the sample
surface, as we can see in the AFM images on a smaller scale [Fig. 6.17(d-f)]. Par-
ticularly, we could argue that the limited dispersion in the slope values for AAV2 is
related to a cleaner surface. The AFM images show fewer impurities for that capsid
[Fig. 6.17(d)].

We have tested the effect of impurities by reducing the dilution of the sample
containing the AAV9 capsids. As more capsids per unit area adhere to the surface,
more impurities appear. [Fig. 6.18(b)|. We prepared a sample that only contains the
buffer in the opposite case, where no impurity is visible [Fig. 6.18(c)]. These results

suggest that the capsids solution causes contamination, possibly due to capsid proteins.

To verify that the cantilever deformation can be extracted from the z-F curves even
if the impurities are present, we indented the surface using a higher force such we can

find the regime when only the cantilever is deforming.

6.7.2 Indentations on the surface using a higher indentation

force

To extract the stiffness of the cantilever from the z-F curves on surface, we used
a maximum indentation force of 4 nN allowing to the find the part when only the
cantilever is deformed. In this case, we indented 58 random positions using the same

cantilever cany, where the stiffness cantilever determined by thermal noise is 1.1 N/m.
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Figure 6.19: Surface-Mica Analysis: z-F curves - (a,b) Linear fit over the indentation
curve using k. = 1.11 N/m for two differents fitting ranges. (c) Normalised effective stiffness
(slope of z-F curve) of 58 capsids for the two fitting ranges. Figures (d,e) and (f) shows

analogous results for cantilever k. = 0.40 N/m.

The regime at small forces can be interpreted as an effect caused by the difference
in stiffness between the cantilever and the surface; the contaminated layer is softer
than the cantilever, so the contaminated layer will deform first. Also, we analysed the
slopes with a softer cantilever cang: k. = 0.4 N/m. The difference between the regime
at small and large forces decreases [Fig. 6.19(d,e)], where the slopes set (yellow band)
approaches to 1. In this case, we can say that both the cantilever and the contaminated
layer have similar deformations. Consequently, the indentation curve does not have an

abrupt transition.

Supposing the rigid surface (mica) is clean, the z-F curves should have only one
regime since only the cantilever is deforming. In some particular cases, we had some
curves with a linear behaviour [Fig. 6.19(b,e)], meaning the impurities layer is not
homogeneous. Therefore, we can extract the cantilever stiffness value by choosing the
best curve, the closer one to the value given by thermal noise. In conclusion, when
the mica surface has some impurities adhered to, then the z-F curves will contain the

cantilever deformation and information about these impurities. For this reason, this
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effect should be taken into account for the estimation of the stiffness using the reference

force curves on the surface.

6.8 Nanoindentation on the capsid

This section will show how to extract the AAVS capsid stiffness. We performed two pro-
tocols, the first one with singular indentations on the capsid and the second one using

a profile containing several horizontally aligned indentation points over the capsid.

6.8.1 One indentation point on the capsid centre

In this case, 58 capsids were indented on the capsid centre, then 58 indentations were
realised on the surface. However, and according to the analysis carried out in the
previous section, only the best curve on the surface was chosen [Fig. 6.20(a)]. The
indentations were developed using the cantilever can; (k. = 1.0 N/m). To obtain the
2-F curves, the following parameters were used: the z range was 100 nm, where each
curve contains 1024 points. The ramp rate at which the piezo complete an extension-
retraction cycle was 1 Hz approximately, and we used 4 nN of maximal force |Fig.
6.20(b)].

We noted a large variability in the z-F curves [Fig. 6.20(b)]. During the indentation
process, the capsid moves around due to thermal-piezo drift, generating that the point
chosen to make the indentation, the centre of the capsid, is different from the actual
point indentation. Hence, we propose that the curves with the greatest fluctuations or
largest d,,4, are indentation curves not in the capsid centre. Following this hypothesis,
we chose some curves with small fluctuations, and they are compared with the surface
curve [Fig. 6.20(c)]. Comparing both curves, we noticed that they behave in the same
way for a force greater than 1.8 nN, meaning that only the cantilever is deforming.
Therefore, the information on the capsid deformation is contained for a force less than
1.8 nN [gray box in figure 6.20(c)|. A similar analysis was performed using the cantilever
cany (k. = 4.0 N/m), where we also noted a large variability for the 61 indentation
curves |Fig. 6.21(d)|. In this case, we have set the same no-deformation limit of the

capsid: the slopes collapse around 1.8 nN [Fig. 6.21(e)].

We propose that the large range of the z-F' curves |Fig. 6.20(b) and 6.21(a)| are
due to the real indentation positions that is not the one given by the overlap of AFM

images and Point and Shoot position. Another possible explanation is related to the
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Figure 6.20: Single capsid indentation curves for different positions usign can; -

(a) AFM image of a single capsid AAV8. (b) z-F curves for 58 capsids indented and 1
2-F curve on the surface. The indentation positions are shown in the AFM image. (c)
Some z-F curves with smaller maximal indentation d,,,, are shown. The grey region

show the point where the capsid is deforming.
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Figure 6.21: Single capsid indentation curves for different positions usign cany -
(a) 2-F curves for 61 capsids indented and 1 z-F curve on the surface. (b) Some z-F
curves with smaller maximal indentation 0,,,, are shown. The grey region show the

point where the capsid is deforming.

capsid orientation when it is deposed on the mica. Carrasco et al., [156] shows that
the capsid stiffness value is different when we are indented on a face, edge or vertex.
To verify these assumptions, we made several horizontally aligned indentations, and
then we choose the curve that best approximates the expected behaviour in the capsid

centre, allowing us to exclude dependency related to the indentation position.
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(a) (b) (c)
1 %@ e

Figure 6.22: Indentation positions scheme on the capsid - (a) Indentation positions

when a point is in the centre of the capsid.(b) Indentation positions when no points are
touching the capsid centre. The burgundy and green tips represent the positions when the
cantilever touches the capsid. (c) Superposition of the points that touch the capsid between
case (a) and (b). The black circle represents the case where information on the capsid stiffness

can always be extracted, that is, the points closest to the capsid centre.

6.8.2 Indentation spatial profile over the capsid

Unlike the singular points of indentation, we choose a lower force to make the indenta-
tion profile because we break the capsids at the border using 4 nN of maximal force: in
this case, we used a maximal force of 0.7 nN. Furthermore, we know that the capsid is
deforming in this range of forces [Fig. 6.20(c) and 6.21(b)], therefore, we can consider

the entire curve to extract the capsid stiffness.

The protocol proposed here consists of 15 indentation points across the capsid.
Then, we chose the curves close to the capsid centre. The indentation points are
separated by a distance of 7.3 nm when we use the tip with a radius of 2 nm. According
to this configuration, we have two limited situations of how the tip is positioned over the
capsid. One position of the tip is located in the capsid centre, or there are two positions
are located around the capsid centre [(a) and (b) in figure 6.22|. By superimposing
several indentation profiles, the distance between the indentation points is reduced
[Fig. 6.22(c)|. Therefore, we decide that the best case to obtained the capsid stiffness
is taking the three central points of the profile [black circle of the capsid Fig. 6.22(c)]
because we take into account the case (a) and (b). Assuming that we only study half
of the indentation profile, only the central point and the point that follows it will be

considered.

The z-F curves contain 1024 points and the ramp rate used is 1 Hz. Figure 6.23
shows the z-F' curves using the cantilever can; and a pattern is identified respect to
the reference curve (black line): from the left, the z-F curves present similar behaviour

as the surface curve [Fig. 6.23(b)]. Next, the 2-F curves slope decrease: we defined
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Figure 6.23: The behaviour of the z-F curves depends on the indentation position -
(a) Single capsid AFM image. The circles represent the indentation position using NanoScope
Point and Shoot feature. (b) Indentation curves separated by position with the colours showed

in (a). There is a different behaviour and the curves can be sorted by their relative position.

those curves as curves on the capsid border [Fig. 6.23(c)]. The z-F curves slope starts
to increase, meaning that the curves are on capsid top [Fig. 6.23(c)]. Finally, the
2-F curves slope decrease again until it reaches the surface [Fig. 6.23(e,f)]. From the

indentation profile, we identified that:

(i) The surface z-F curves show differences concerning the reference curve, that
is, to the best curve chosen on the surface [Fig. 6.23(b,f)]. This is due to impurities

adhering to the mica surface.

(ii) Although the curves at the surface or the curves at the capsid top are similar,
they can be told apart according to the profile pattern. That is, between a curve on the
surface and the capsid top, there is always a curve with a large maximum displacement
[Fig. 6.23(c,e)].

(iii) Furthermore, the essential characteristic is that the z-F curves shape powerfully
depend on the indentation position. The same overall behaviour is observed for AAV2
and AAV9 vector capsids.

The analysis was developed for many capsids, but we show just some of them in
figure 6.24. As we see in that figure, we separated the surface, border and top capsid
curves according to the orange, yellow and blue colours, respectively. The indentation
positions on the AFM images are differentiated by colour as well. Curves on the

capsid border have larger maximal displacement z,,,, in comparison with z-F curves
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Figure 6.24: Separating 2-F curves according to indentation position - Several
examples of capsids that have been indented. The circles on the AFM image represent the
indentation position using NanoScope Point and Shoot feature. The z-F curves are separated

by position with the colours showed in the AFM image.

on the capsid top. Therefore, we can already emphasise that the different types of
curves displayed in individual indentations [Figures 6.20(b) and 6.21(a)| are due to the

indentations not being performed at the capsid top.

In conclusion, the indentation profile allows us to separate the effect of the capsid
indentation position; however, we still have the effect of the capsid orientation. One
way to identify the capsids orientation is through the AFM images; nevertheless, we
could not obtain enough resolution to differentiate the pentamers or hexamers. Looking
at the z-F curves for capsid centre (blue lines), it is possible to identify curves with
differents maximal displacement z that could be associated with the capsid orientation
[blue curves in figure 6.24(b) and 6.24(e)|]. We will discuss this topic later. Another
behaviour that we noticed in the z-F' curves, which are positioned mainly on the capsid

centre, is a non-linear effect at small forces, which is discussed in the next section.

156



6.9. NON-LINEAR EFFECTS ON FORCE CURVES YERALDINNE C.

6.9 Non-linear effects on force curves

Visualising the z-F blue curves in figure 6.24], we noticed a non-linear regime that
appears at small forces RsF (Regime at Small Force). To study this effect in details,
we only show the curves passing mainly on the capsid centre for some capsids, as we
can see in figure 6.25. A straight red-pointed line is drawn on each curve to visualise
the non-linear effect better. The slope of the red line is given according to the range

where the curve slope remains constant.

Comparing the RsF in the curves for different capsids, we observe no defined be-
haviour; in some cases, as we move away from the capsid centre, the RsF regime begins
to grow [Fig. 6.25(a)]. In other cases, it happens as in the previous case, but just the
central curve presents the largest RsF [Fig. 6.25(d)|. Also, it appears to be completely
random. A possible cause of this effect is the spikes present on the capsid surface since
the RsF does not have a defined shape, i.e. it does not constantly change as we move
away from the capsid centre. It is important to mention that the all analysed range,
the RsF and the linear part range, are within the deformation limit of the capsid shell.
For the moment, we keep this assumption as speculation because we do not know how
to test this idea.
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Figure 6.25: z-F curves on the AAVS8 capsid top - Force curves for the central points
of the indentation profile (blue lines). The indentation positions are shown in the AFM image
where the points are separated by colors. The orange points represent the positions on the
surface and the yellow and blue points represent the positions at the border and top of the
capsid. A straight red line is drawn on each z-F curve from the maximum force, 700 pN, to

the point where the curve changes its slope, showing the point where the curve stops being

linear.
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Figure 6.26: 2-F curves on the AAV2 capsid top - Force curves for the central points
of the indentation profile (blue lines). The indentation positions are shown in the AFM image
where the points are separated by colors. The orange points represent the positions on the
surface and the yellow and blue points represent the positions at the border and top of the
capsid. A straight red line is drawn on each z-F curve from the maximum force, 700 pN, to
the point where the curve changes its slope, showing the point where the curve stops being

linear.
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Figure 6.27: z-F curves on the AAV9 capsid top - Force curves for the central points
of the indentation profile (blue lines). The indentation positions are shown in the AFM image
where the points are separated by colors. The orange points represent the positions on the
surface and the yellow and blue points represent the positions at the border and top of the
capsid. A straight red line is drawn on each z-F curve from the maximum force, 700 pN, to

the point where the curve changes its slope, showing the point where the curve stops being

linear.
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6.10 Capsid average profile

We have studied the behaviour indentation curves passing through the centre and
border of the capsid to this point in the analysis. The remaining analysis is to obtain
an average profile. For simplicity, we will use the indentation profile of the effective
stiffness (capsid-+cantilever deformation). In the results section, we will show the profile

of the capsid stiffness.

As we see in figure 6.28(a), the profile is not perfectly centred at zero since the imag-
ing and nanoindentation process are not simultaneous. First, the image is scanned, then
we choose a possible capsid centre, and the indentation is followed. The seconds when
the image has been scanned, and the indentation process can generate displacement of
the capsid due to thermal drift [337-339]. Consequently, the positions of each indenta-
tion point are aligned to the capsid centre in the AFM images. The following steps are
carried out to obtain a profile centred: we choose the two lowest points of the profile
around the central point (local maximum) [grey points in the figure 6.28(b)]. Then, we
calculated the half distance d/2 between the two points. All the points are subtracted
d/2, leaving the profile aligned at zero |Fig. 6.28(c)|. Finally, we divided the profile
positions to the capsid radius obtained from the AFM image [Fig. 6.28(d)].

Figure 6.29(a) shows all the overlapping of 58 profiles, and the general profile shape
is still maintained. The average profile is obtained setting r/Ry;yus apy ranges with a
step of 0.2. Then, we obtained the median, equal to 50 % of the data (black square),
and the upper and lower limits represent 75 % and 25 % of the data, respectively |Fig.
6.29(b)].

6.11 Conclusion

We have established an indentation protocol to obtain the stiffness of a viral capsid
as a function of the indentation position. We observed that there is a large variety of
2-F curves when singular indentations are made over the capsid. This effect is most
likely because the capsid is not deformed at the centre. Also, we show that the slope
of the 2-F curves are smaller at the border than at the centre. These results suggest a
dependence of effective stiffness as a function of position. Furthermore, the z-F curves
show a non-linear behaviour for small forces that could be related to the spike on the

capsid surface.

We will then use this protocol to analyse the stiffness of icosahedral capsids and
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Figure 6.28: Effective stiffness profiles alignment - (a) Original profile, the grey vertical
line represent the capsid centre in the AFM image. (b) We choose the first minimums values
around the center and defined the distance d between these points. (c) All the points are

subtracted d/2, redefining the center of the profile. (d) Finally, the profile is normalised by
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Figure 6.29: Effective stiffness average profile - (a) Figure show the aligned k,,, profiles
for 58 capsids, the light blue zone represent the indentations over the capsid. (b) Average
profile of the effective stiffness korr. The black squares represented median of the data and
the upper-lower error bars are the 75% and 25%.of the points, respectively.

study the possible dependence of stiffness on the geometry and orientation of the cap-

sids.
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Chapter 7

Stifiness of icosahedral capsids
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Summary

This section will study the stiffness heterogeneity using an indentation profile for two
different small capsids: Adeno Associated Virus (AAV, T=1) and Hepatitis B Virus
(HBV, T=4). First, we will analyse the effect of the stiffness and size cantilever using
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the indentation profile for the AAVS8 capsid. Then the stiffness of the capsids of AAV2,
AAV9 are determined. Although both virus capsids have an icosahedral shape and sim-
ilar size, HBV and AAV have 240 and 60 capsids proteins, respectively; consequently,
AAV capsid has a more facet aspect than HBV capsid. Therefore, we are interested in
studying the effect of faceting on the indentation profile. Finally, the HBV capsid will
be analysed and compared to the AAV capsid.

The nanoindentation project on capsids was developed in collaboration with the
PhD student Lucas Menou and CNRS researcher Martin Castelnovo (Physics Labo-
ratory, ENS of Lyon). Lucas made simulations of AFM indentations on viral capsids,
changing cantilever and capsid geometry. The simulations were performed in order to
mimic the experimental conditions. Also, a geometrical model allowing to describe the
stiffness profile was developed due to the collaboration. More details in [340].

7.1 AAVS capsid

7.1.1 Experimental Stiffness profile

According to the nanoindentation protocol, we have two methods to determine the
stiffness capsid k,; (two spring constant in series method) and k.o (stiffness capsid

from the 0-F curves). First, we analysed the profiles using the can; (k. = 1.0 N/m and

(a) (b) (©)

2.0 l‘ M 2.0 2.0 N=58
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Figure 7.1: Stiffness profiles for AAV8 using the best reference curve- For various
indentations on the surface, the best z-F curve is chosen to determine the stiffness of the
capsid. (a) Stiffness profile using the method k,; (two spring constant in series method) and
(b) Ey2 (stiffness capsid from the §-F curves). (¢) Comparison of the three central points of

the profiles for the mentioned cases.
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Figure 7.2: Stiffness profiles for AAV8 using created curve with slope value ob-
tained from thermal noise- A linear curve was created as a reference curve. The slope of
this curve was determined from thermal noise. (a) Stiffness profile using the method k,; and
(b) ky2. (c) Comparison of the three central points of the profiles for the mentioned cases.
The black circle represent the median of the data and the upper-lower error bars are the 75%

and 25% of the points, respectively.

R. = 2 nm) when we choose the best reference curve [Fig. 7.1|. The stiffness profiles
show that there are no significant differences using method 1 [Fig. 7.1(a)] or method
2 [Fig. 7.1(b)]. As the three central points mostly represent the capsid deformation,
we compared their median values [Fig. 7.1(c)]: not differences are visualised as well.
Hence, the k, obtained is not affected by the method used.

We have done the same analysis, but in this case, we create a new reference curve in
which the slope value was obtained from the thermal noise method [Fig. 7.2]. Similar
to the previous case, the methods to determine the capsid stiffness show no differences
in the complete profile [Fig. 7.2(a,b)| and the three central points [Fig. 7.2(c)]. Also,
we noted that the stiffness profiles using either the best reference curve or the created
curve are similar, suggesting that the best reference curve gives the real cantilever

information.

All the analysis performed below was performed using the method that allows de-
termining the stiffness capsid from the §-F curves, k.2, as well as the actual reference
curve (the best reference curve) since it contains actual information about the inden-

tation.
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7.1.2 Stiffness profiles according to the values of central points

As we have seen so far, the stiffness profile shows a dependence as a function of the
indentation position, where it is more rigid in the centre than at the capsid border [Fig.
7.3(a)]. The advantage of studying stiffness using this profile is that it allows us to
distinguish the value closest to the capsid centre more accurately, that is, the stiffness
value where the vertical indentation is completely radial. As we mentioned before, the
points that best represent the indentation in the capsid centre are the three central

points of the profile (see figure 6.22).

Figure 7.3(b,c) shows the probability density function (pdf) of the three centre
points where we noted two well differentiable peaks, one centred at 0.5 and the other
centred at 1.8 N/m, approximately [Fig. 7.3(b)]. Additionally, we have analysed the

stiffness values using the cumulative distribution function (cdf) [Fig. 7.3(c)|. This type
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Figure 7.3: AAVS8: three central points of the indentation profile- (a) Stiffness
profile. The black circle represent the median of the data and the upper-lower error bars
are the 75% and 25% of the points, respectively. The points contained in the colored region
are indentation points on the capsid top. (b) Probability density and (c¢) the cumulative

distribution function of the three central points, where 58 capsids have been indented.
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of graph allows us to identify groups of a data set by changes in the curve slope, where
the slope decreases and then increases again, seen as a valley. We have identified three
regions (green, purple, and damask colour), an extra one compared to the probability
density plot. The central values analysis shows that the 58 indented capsids present
different stiffness values. This result is expected since we have not differentiated the
capsids according to the orientation of the capsid. Therefore, we think that these

different peaks or groups are associated with this effect.

We think it would be interesting to study the capsid orientation according to the
stiffness profile type and not only according to the central value. To do that, we firstly

identified three profiles that did not show a dependence of stiffness concerning the
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Figure 7.4: AAVS: stiffness profile according to the value of the central positions-
(a) Indentation profile that did not pass vertically through the centre of the capsid. In this
case, it goes through the capsid border, making all the values constant (inset show a scheme
of this situation). The remaining profiles show certain behaviours: (b,c) the central values
are smaller than at the border, showing a valley in the centre. The other type shows larger
values in the centre (d,e,f). The rectangles colour show profiles according to a certain range
of stiffness values for the central values, where the green, purple and damask colours contain
values ranging from 0-0.7 N/m, 0.7-1.2 N/m and 1.2-2 N/m, respectively. The black circle
represent the median of the data, and the upper-lower error bars are the 75% and 25% of the

points, respectively.
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position: this type of profile did not pass vertically through the centre of the capsid.
Figure 7.4(a) shows a scheme where the central indentation has well alignment over
the x-axis but not at the y-axis. On the other hand, the profiles that show dependence
with the positions present varied behaviours; in some cases, the central points values
are greater than the points next to these three central points [Fig. 7.4(d,e)| or are
smaller than the points next to these three central points [Fig. 7.4(b,c)|. Although
the pdf and cdf of the central values are good tools to know that there are groups
related to the capsid orientation, they cannot separate the profiles that show a valley
or mountain behaviour. The mountain and valley behaviour were separated by hand

due to an inability to detect each profile type automatically.

Looking only at the central points, we noticed that the one group has values close
to 0.4 N/m [Fig. 7.4(c,f)] and the otheer has central values around 0.75 N/m [Fig.
7.4(b,e)]. The points next to these three central points decrease or increase values
are related to the different trajectories of the cantilever passing over the capsid. The
third group does not present two behaviours: the central value is close to 1.8 N/m,
and it falls fast as it moves away from the centre [Fig. 7.4(d)]. The different types of
stiffness profiles clearly show that each trajectory has an associated capsid orientation.
The remaining analysis is to associate a stiffness profile with a specific orientation, a

discussion that will take place in the next subsection.

7.1.3 Simulations of indentation numerical on viral capsid by

Lucas Menou and Martin Castelnovo

As we mentioned, this work has been developed collaboratively with Lucas Menou
and Martin Castelnovo. They allowed us to complement our experimental results with
numerical indentation simulations of a thin shell. As a result, a geometrical model was

developed to describe the behaviour of the indentation curves.

7.1.3.1 Geometrical model

The curves with large indentations (smaller slopes) are related to the indentation on
the capsid border, and as we get closer to the centre of the capsid, the slope of the force
curve becomes smaller. An interpretation of this behaviour is related to the vertical
deformation generates by the cantilever tip. Figure 7.5(a) shows a scheme of two A-F
curves with different slopes: the blue and green line represents the indentation position

at the centre and border of the capsid, respectively.
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Figure 7.5: Scheme of effective indentation for different positions and cantilevers-
(a) Two different indentation curves with different slopes. Indentation near to the center of
the capsids (blue line) shows a higher stiffness than indentation close to the border (green
line) (b) Deformation details for vertical (left) and border (right) indentations with a tip of
radius R;. While vertical indentation deformation A is completely measured by the cantilever,
indentation close to the border generates an additional deformation A, in the radial direction
wich is not fully transmitted to the cantilever (c¢) Bigger conical tip of angle o with spherical
tip. In this case the conical part of the tip could have contact with the border of the capsids

even if the spherical tip is not in contact.

In a sphere-sphere indentation, the indentation depth A that the tip generates on
the capsid is mainly produced by vertical indentation at the central position. However,
the real indentation depth A, decreases as we move away from the centre. We can
also interpret this behaviour through the intersection (yellow section in figure 7.5(b))
between the viral particle and the spherical tip of the cantilever since the area section
is decreasing too. From a straightforward geometrical computation, we can determine
the real indentation depth A,.,

_ _ 2
L4 s -1+ () (e~ )

A, = _
L+ 7%

, (7.1)

A cos 0
1+R:/R"

0 is the angle between the initial axis of symmetry and the position r of the tip (see

where R is the capsid radius and the variable A is defined as A =

The angle

figure 7.5(b)), which can be written as:

cosezm:\/l_( Y. 72)

R+ R

where R; is the tip radius. Assuming small identation A < R, the real indentation
depth can be reduces to,
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2
-
AT—ACOSG—A\/1—<Rt+R) : (7.3)

The previous estimation assumes that the capsid does not move laterally upon
vertical indentation. In actual nanoindentation experiments, the capsid adhesion with
the substrate is not strong enough, so we noticed that the capsid was deformed and
slightly shifted sideways. As we mentioned earlier, the indentation process begins with
obtaining an image to locate the capsid position, then we indented and finally, we
obtained another image to verify that the capsid is intact. We saw that the capsid
had escaped from the imposed indentation constraint by sliding sideways on certain
occasions. We think that this occurs in the weak adherence regime. As a consequence,

it is essential to take horizontal displacement into account in the geometric model.

The corrected indentantion depth can be rewritten assuming that in addition to
the true indentation along the symmetry axis of the deformation, there is a horizontal

shift Aj,. Then, the equation 7.3 to the lowest order in A is written as,

. . 7"+Ah 2
AT—ACOSQ—A\/l— (Rt+R) . (7.4)

For the capsid to hold in a fixed position, a horizontal component of the indentation

T+Ah
"R:+R

as Fj, ~ kqanAy. From these two relations, we can estimate the horizontal shift as:

force Finan = kiopA must be balanced with a horizontal restoring force Fj, defined

ktop T

kaan Ry + R

Ap ~ A (7.5)

From equation 7.5, we can deduce that the horizontal displacement increases with
the lateral position of the tip r and decreases with the adhesion efficiency k,q,. For
this reason, it is crucial to find an optimal deposition condition of viral capsids to avoid
horizontal displacements due to vertical indentation caused by the tip. Now, we can

redefine the indentation depth A, considering the horizontal shift A,

A,,:A\/1— (Rt:R)Z(HA)Q. (7.6)

We have rewritten the horizontal shift as A, = Ar, where A introduces a rescaling
that depends on specific adhesion parameters and geometrical ones. It is essential to

mention that the equation 7.6 is valid for a spherical tip.
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We introduce a new parameter for a conical tip, the aperture angle o of the cone
[Fig. 7.5(c)]. Similarly to the spherical case, the indentation depth also depends on
the lateral position of the tip: however, this proof is valid for » < R. For tip position
r > (R + R)cosa or when 6 = 7/2 — «, the capsid is deformed by the conical part of
the indenter. In this case, the indentation depth A, is identical wherever the lateral
position r since the curvature that plays in the indentation is zero, and then the overlap
with the capsid remains constant with r. By geometrical analysis, the A, is written

as:

A, = Asina. (7.7)

We have analytically shown that the indentation position on capsids and the tip
shape play an important role in extracting the indentation depth A,, which seems to
be due to a purely geometric effect. The decrease in the indentation depth when the
tip is off-centred also generates a decrease in the mechanical response to balance this
deformation. In addition, there is a complementary horizontal response that generates
capsid displacements that depend on both the indenter position and the adhesion
force. It is necessary to mention that all these factors must be considered to reach an
agreement between the analytical, experimental, and numerical results. The latter will

be analysed below.

7.1.3.2 Simulation of AFM indentations

In the thin shell model, in particular, in the thin shells like viral capsids, the defor-
mation of the capsid shell is modelled as the contribution of the out-of-plane bending
and in-plane stretching/compression energy. The bending energy contributes to the
curvature of the capsid shell and the stretching energy to the in-plane deformation. In
this theory, a linear elastic response is expected when the indentation is in the order
of the shell thickness [124]. Figure 7.6(a) shows the elastic energy of two indentation
positions, where the maximal indentation depth is set to d,,., = 0.3R in the radial
direction. Comparisons between the energy curve for indentations in the centre and
the border shows the same behaviour as the experimental data. Therefore, the simu-
lations reproduced the indentation experiments. To calculate the effective stiffness of
EA? was used in the energy curve. In

2
order to reproduce the experimental results, the simulations were carried out using a

the capsid, a quadratic fit of the form FE,,s =

conical tip (see more details about the simulations in [340]).

Figure 7.6(b) shows stiffness profiles for different trajectories by which the shell ori-
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entation was imposed, such that a pentamer or a hexamer is facing up. The hexamer
is delimited by three equidistant pentamers, corresponding to a triple-axis of symme-
try of the icosahedron. The different trajectories carried out are pentamer-pentamer,
pentamer-hexamer, hexamer-pentamer and hexamer-hexamer, where the pentamers
and hexamers are represented by numbers 5 and 6, respectively. Note that the shape
of the profile is a function of the mentioned trajectories. When pentamers are in the
centre, the measured effective stiffness is more significant than hexamers located in
the centre. We deduced a behaviour for the remaining orientation from these trajec-
tories: orientation 2 or an edge on the capsid. When we have the hexamer-pentamer
trajectory, the tip passes through (i) the centre of the hexamer, (ii) an edge, (iii) a
hexamer near to the capsid border, and (iv) through a pentamer on the capsid border
[Fig. 7.6(b)]. The effective stiffness starts with a value close to 1.6 N/m, followed by
an increase to 1.8 N/m, and finally decreasing again to 1.6 N/m. When the stiffness
increased to 1.8 N/m, the indentation was over an edge. From here, we can suggest
that the face is softer than an edge; more generally, a vertex is more rigid than an edge,

and the edge is more rigid than a face.

Comparing the simulations and our experimental data, we can associate a specific
type of profile with a capsid orientation. The profile of the figure 7.4(d) is associated
with a 5-fold symmetry axis since this profile also has the highest stiffness value; this is

also consistent with that a pentameter is more rigid than a hexamer [187]. The profiles

5 5(R/
45— 6(R/R,
—3-65(R/R,

(a) 0.15 - . . . . | (b)

o tipatr=0 %

tip at r = 0.48R 0o
—— Quadratic fit AE = ]‘"//A", o

0.1+

AE/(k R*y~1?)

0 0.05 0.1 0.15 0.2 0.25 y 2 ! 6 N 0 2
A/R Ny r/(R+ Ry)

Figure 7.6: Numerical indentation of a capsid with triangular number T=1- (a)
Quadratic fits of the elastic energy as a function of the indentation depth for a numerical
simulation of a capsid modelled as a thin shell. Note that for indentation out of the centre,
the capsid stiffness is smaller (green circles). (b) Extracted numerical stiffness as a function
of the normalised indentation position, presented as a mean value of 4 repetitions with errors
bars constructed as the root mean square (rms). The numerical stiffness was simulated for

different trajectories where the numbers 5 and 6 represent the pentamers and hexamers.
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with central values between the range 0.7-1.2 N/m and 0-0.5 N/m are associated with

a 2-fold and 3-fold symmetry axis, respectively.

All this analysis allowed us to interpret our experimental results with the simula-
tions and the geometric model, in particular, to identify the orientation of the capsid
without using the AFM image. In addition, the indentation profile opens the opportu-
nity to analyse geometric effects related to the position of the indenter. Next, we will
study the stiffness profile by changing certain factors such as the elastic constant or

the shape of the cantilever.

7.1.4 Cantilever spring constant effect

It is recommended to use a cantilever with an elastic constant similar to the capsid
to perform nanoindentation experiments on viral capsids, preferably smaller to avoid
damage to the capsid [13]. However, this can be a challenge if the capsid stiffness can
vary from 0.6 to 1.4, depending on the orientation [156]. Supposing the cantilever is
very soft, then a considerable force must be used to deform the most rigid orientation,
but at the same time, that force can break the capsid with a softer orientation. Until
now, we have used a cantilever can; with stiffness equal to 1 N/m (measurement
obtained with thermal noise), and we determined the stiffness value of the capsid
between 0.5 and 2 N/m. This section will analyse the indentation profile using a softer
cantilever cany (0.4 N/m), which means it is softer than the capsid stiffness. It is
expected that no differences are found since the capsid deformation is not related to

how much the cantilever deforms.

As with canqy, some force curves were analysed to determine the point where the
non-linear regime RsF disappears [Fig. 7.7]. The regime RsF does not present a fixed
pattern in the profile curves; it may be larger for the central curves [Fig. 7.7(b,c,e)]
or it can increase as we move away from the central curves [Fig. 7.7(f)]. However,
the regime ends at approximately 300 pN, not at 400 pN using can;. As we can see,
this regime does not disappear using a softer cantilever, although it could disappear
if we tried an even softer cantilever. In this case, we have to use a greater maximum
deformation force than the one we used in our experiments to achieve deformation of

the capsid.

Comparing the stiffness profiles for both cantilevers, we see a slight difference in
the median profile [Fig. 7.8 (a)], however it does not mean that the capsid stiffness
values obtained above are different in this case. The general profile shape will depend

on the number of profiles that show a valley or profiles with mountain behaviour. The
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Figure 7.7: z-F curves on the AAVS8 capsid top - softer cantilever- Force curves
for the central points of the indentation profile (blue lines). The indentation positions are
shown in the AFM image where the points are separated by colors. The grey points represent
the positions on the surface and the light blue and blue points represent the positions at
the border and top of the capsid. A straight red line is drawn on each z-F curve from the
maximum force, 700 pN, to the point where the curve changes its slope, showing the point

where the curve stops being linear.

probability density of the three central points is similar to can;, mainly with the peak
centred at 0.5, the second peak disappears here [Fig. 7.8(b)|. To compare the stiffness
groups between can; and cans, the coloured sections of can; have been replicated in the
cdf of cany |Fig. 7.8(c)]. The two groups (green and purple sections) identified before
are not completely clear; the curve changes slightly in slope. Nevertheless, according

to the stiffness groups, the profiles are well differentiable, as we will see now.
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Figure 7.8: AAVS8: three central points of the indentation profile using cans- (a)
Stiffness profile for can; and cans. The black circle represent the median of the data, and the
upper-lower error bars are the 75% and 25% of the points, respectively. The points contained
in the coloured region are indentation points on the capsid top. (b) Probability density and
(c) the three central points cumulative distribution function, where 62 capsids have been
indented. The positions of the coloured sections are those chosen for cani; thus, we can

compare the new behaviour of cdf with that obtained with can;.

As expected, we found the same types of profiles and the central stiffness values
as with the cany [Fig. 7.7|. From the 62 indentation profiles, we have excluded nine
profiles that did not pass vertically through the centre of the capsid. We should note
that the analysis through an indentation profile allows us to address both axes through
which the capsid can move to extract a more precise value of the stiffness capsid.
Analysing in detail the profiles for both cantilevers, we noted that the valley-shaped
profiles have a slight difference, specifically the ends of the valley, figure 7.4(b,c) and
7.9(b,c). The difference is due to each group profiles number; however, the values found

are contained in the error bars.

The results show that regardless of the stiffness of the cantilever, the capsid stiffness
not change. However, it must be taken into account when the capsid is deformed. As

we saw, the force range for a cantilever was 400-700 pN, while for the softer cantilever,
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Figure 7.9: AAVS: stiffness profile according to the value of the central positions
using cang- The profiles show certain behaviours: (b,c) the central values are smaller than
at the border, showing a valley in the centre. The other type shows larger values in the
centre (a,d,e). The coloured zones represent the central point of the profile and the darker
rectangle show the profiles according to a certain range of stiffness values, where the green,
purple and damask colours contain values ranging from 0-0.7 N/m, 0.7-1.2 N/m and 1.2-2
N/m, respectively. The black circle represent the median of the data, and the upper-lower

error bars are the 75% and 25% of the points, respectively.

the range was 300-700 pN.

7.1.5 Cantilever tip shape effect

The previous analyses were performed using a cantilever tip smaller than the capsid
(Rean ~ 2 nm and R, ~ 13 nm). Hence, we could mention that the deformations
that have been made on the capsid are local deformations. We developed indentation
experiments with a bigger cantilever tip than the capsid size to understand the effect of
local and global deformations. We used two conical cantilevers with the same stiffness
value, but they have tip radius of 2 and 20 nm, can; and can;, respectively. Although
the can,, also has a conical geometry, the tip is much larger than the capsid R4, ~ 13

nm. Therefore, the contact will be of the sphere-sphere type.
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The indentation profile shows a displacement in all stiffness values [Fig. 7.10(a)].
Consequently, the centre values have also been displaced. Figure 7.10(b) shows the
probability density for both cantilevers, where the black and grey lines are the data for
cany, and cany, respectively. In this case, the subgroups have been redefined where we

have marked several ranges with grey sections in figure 7.10(c).

Following the protocol, we identified the same profiles, but the central points differed
from the central points with the smallest tip [Fig. 7.11]. The 5-fold symmetry axis
profile increased to 25% at the profile centre [Fig. 7.11(a)]. Aznar et al., [341] analysed
the effect of the cantilever tip size for a capsid with a triangular value equal to T=7.
The authors mainly showed that indentations on the 5-fold symmetry axis show no
stiffness variations unless the cantilever tip is large enough to deform more than one

capsomer: in our case, the cantilever tip can deform more than one capsomer [Fig.
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Figure 7.10: AAVS: three central points of the indentation profile using cans- (a)
Stiffness profile for can; and canja. The black circle represent the median of the data, and the
upper-lower error bars are the 75% and 25% of the points, respectively. The points contained
in the coloured region are indentation points on the capsid top. (b) Probability density of
the three central points for both cantilevers and (c) the cumulative distribution function of
the three central points, where 64 capsids have been indented. The grey sections show the

subgroups of the stiffness values for canja.
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7.11(a)]. The profiles associated with 2-fold symmetry axis, valley and mountains
shape, show an increase in stiffness values [Fig. 7.11(b,d)]. In contrast, the valley-
shaped profiles associated with a 3-fold symmetry axis do not show variations between
the small and large cantilever tip [Fig. 7.11(c)], although there are variations for the
mountain-shaped profile [Fig. 7.11(d)].

Finally, we have shown experimentally that the cantilever tip size can influence the
value of the stiffness obtained in indentation experiments. As mentioned by Aznar et
al. [341], the stiffness value increases continuously with the tip radius up to converge to
a constant value for tips that tend to behave as flat. Hence, the measure will depend

on the area (or capsomeres) that the tip can form.
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Figure 7.11: AAVS&: stiffness profile according to the value of the central positions
using canj,- The profiles show certain behaviours: (b,c) the central values are smaller than
at the border, showing a valley in the centre. The other type shows larger values in the centre
(a,d,e) The coloured zones represent the central point of the profile and the darker rectangle
show the profiles according to a certain range of stiffness values, where the green, purple and
damask colours contain values ranging from 0-1 N/m, 1-2 N/m and 2-3 N/m, respectively.
The black circle represent the median of the data, and the upper-lower error bars are the 75%

and 25% of the points, respectively.
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7.2 AAV2 and AAV9 capsids

Once the protocol for measuring capsid stiffness has been established, this thesis project
focuses on more applied questions. AAV virus serotypes have different receptors for
cell binding and tissue tropism. After the capsid crosses the plasma barrier of the cell,
the capsid crosses a second nuclear membrane and then release the genome. Each stage
of the viral cycle is crucial to generate efficient transduction. However, these processes
are not fully understood. Hence, we think that mechanical properties (capsid stiffness)
can play an essential role in describing the viral capsid behaviour during the viral cycle.
This section will analyse the AAV2 and AAVS capsids stiffness, although discussing the
effect of mechanical properties on the viral cycle will be addressed in the destabilisation

section. Here, we will only focus on determining the stiffness of the capsid.

In the first instance, we compared the stiffness profiles, and we see that the central
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Figure 7.12: Stiffness profiles for AAV2, AAV8 and AAV9 capsids - Stiffness profile
for (a) AAVS, (b) AAV2 and (c) AAV9. The black circle represent the median of the data
and the upper-lower error bars are the 75% and 25% of the points, respectively. The points
contained in the colored region are indentation points on the capsid top. (d) Probability

density of the three central points for both the conditions mentioned.
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values are higher for AAV2, followed by AAVS and finally AAV9 as the softest one
[Fig. 7.12(a,b,c)]. Unlike AAVS8, which we indented 58 capsids, only 37 and 15 capsids
were measured for AAV2 and AAVY, respectively. The probability density of the three

central points shows the same behaviour as the profile. The subgroups shift to smaller
values following the order: AAV2-AAV8-AAVY [Fig. 7.12(d)].

Figure 7.13 show all the profiles types for AAV2, AAV8 and AAVY. Because we
only indented 15 capsids for AAV9, we do not have enough data to identify differents
types of profiles. Comparing only the profiles with a valley shape for AAV2 and AAVS,
we see no great differences with the capsids associated with the 3-fold symmetry axis
[Fig. 7.13(d)]. On the contrary, the 2-fold symmetry axis capsids presented differences
where the central values follow the order already mentioned [Fig. 7.13(b)]. For the
5-fold symmetry axis, we see that AAV8 is softer than AAV2 [Fig. 7.13 (a)]. The
AAV9 capsid is more complicated since we are not completely sure that this behaviour
is associated with a 5-fold or 2-fold symmetry axis since we do not have enough data to
compare. However, following the idea that AAV9 appears to be softer than the other

two capsids, this profile should be associated with orientation 5.

Up to this point in the analysis, we show the AAV2 is more rigid than AAVS
and AAV9, and the capsid stiffness depends on the position where it is indented,
which seems to be due to geometric components. It is possible to identify the capsid
orientation using an indentation profile. We found that the capsid stiffness does not
change using a softer cantilever to deform the capsid, although it is essential to know
the range of capsid deformation. Also, we analyse the effect of the cantilever tip size,
where we found that the stiffness increases for larger tips. The following section will
study Hepatitis B virus HBV capsids to determine if we find this same dependence with
indentation position. Additionally, the HBV capsid is similar in size to the AAV capsid,
which will allow us to study whether the possible differences in mechanical properties

are relevant during the nuclear entry process and release of the viral genome.
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Figure 7.13: Stiffness profiles for AAV2, AAV8 and AAV9 capsids- (a) Stiffness
profile of AAV2 (a), AAV8 (b) and AAV9 (c). The black circle represent the median of the
data and the upper-lower error bars are the 75% and 25% of the points, respectively. The

points contained in the gray region are indentation points on the capsid.
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7.3 HBYV capsid

Before determining the capsid stiffness, we will show some AFM images containing the
capsid and their respective capsid height probability density. As we mentioned before,
the height parameters are important to verify the capsid conditions. then, we applied

the same protocol as AAV to determine the stiffness profile capsid.

The study of the HBV capsid mechanical properties is a work carried out in col-
laboration with Lauriane Lecoq at the Institut de Biologie et Chimie des Protéines
(IBCP) in Lyon. Lauriane has developed a method to assemble HBV capsids from
the Cpl83 proteins inside bacteria. No viral pre-genomic RNA is present during self-
assembly inside the bacteria, so instead, bacterial RNA is packaged during the Cp183
self-assembly process. For the detailed protocol see for example Wang et al., 2019,
Chevreuil et al., 2020 and Lecoq et al., 2020 [342-344].

7.3.1 Morphology of HBV capsid

Images were obtained using PeakForce mode in liquid. The cantilevers used, Bruker
ScanAsyst-fluid-plus, have a triangular geometry with a nominal radius of 2 nm. The
nominal stiffness is 0.7; nevertheless, the cantilever spring constant k. measured by
thermal noise was around 1 N/m. For larger images, the scanned images are squares
of 2 um side, with a resolution of 512x512 pixels and a scan frequency of 3 Hz [Fig.
6.4(a)]. The maximal force applied was 1000 pN. For single capsid AFM images, we
first scanned a square image with 2 pum size, with a resolution of 256x256 pixels at a
scan rate of 2 Hz. The maximum force applied was set to 200 pN; we do not break the
capsid with this force. The image was limited to 300 nm in size, with the capsid on
the image centre. Figure 6.9 shows a screenshot of the Nanoscope software where we

see how the capsid is being scanned. All the parameters used here are the same as the

AFM imaging of AAV.

The HBV capsid size between protrusion is 34 nm, and the protrusion length is 2
nm, approximately [148,345]. Then, the height we consider here for HBV is 32 nm.
Comparing the height obtained from the AFM images between the two methods: (i)
from a capsids population [Fig. 7.14(a)| or (ii) from single capsids [Fig. 7.14(b)], a
small difference is identified. The height capsid probability density shows that the
average value of 24.5 £ 1.7 nm from (i) is smaller than the height from (ii) 25.4 + 2.3.
Also, we noticed that the reduced height is ~7 nm, and it is almost three times the
height reduction founded for AAV. This could be because the capsid stiffness of HBV
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Figure 7.14: HBV capsid height - (a) AFM image of several HBV capsids. (b) AFM
image of a single HBV capsid with two different z-scale. (c¢) Probability density of the capsid
height determined by using the population analysis (red line, section 6.4) and using isolated

capsid analysis (blue line, section 6.5).

and AAV2 (two-fold axis) are 0.1 N/m 1.5 N/m, respectively [175,195]. Therefore,

HBYV capsid is expected to be much softer and more affected by adhesion force.

7.3.2 Stiffness profile according to the values of central points

Performing the same analysis that we performed for AAV capsid (section 6.9), we
plotted the central curves for several indentation profiles [Fig. 7.15]. The visualisation
of these curves allows us to identify if the capsid has a linear response. Unlike AAV force
curves, HBV capsid has a RsF less pronounced at small forces. This could be related
to the HBV capsid protrusions are homogeneously distributed on the surface and with
a constant size of 2 nm. It would be interesting to characterise these protrusions
mechanical properties and establish a role with biological processes. To avoid the

regime at small forces RsF, we used the curve from 300 pN until 700 pN.

The stiffness profile in figure 7.16(a) shown a position-dependent stiffness as in
AAVs capsid, although the stiffness values on the capsid are smaller. Figure 7.16(b)
shows the probability density of the three central points of the stiffness profile in which
we identified two main peaks. The first peak is centered at 0.16 N/m approximately
and a second peak at 0.35 N/m. The three-point cumulative distribution function
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Figure 7.15: 2-F curves on the HBV capsid top - Force curves for the central points of
the indentation profile (blue lines). The indentation positions are shown in the AFM image
where the points are separated by colors. The grey points represent the positions on the
surface and the light blue and blue points represent the positions at the border and top of the
capsid. A straight red line is drawn on each z-F curve from the maximum force, 700 pN, to
the point where the curve changes its slope, showing the point where the curve stops being

linear.

shows a group between 0-0.16 N/m that we do not identify through the probability
density height [Fig. 7.16(c)].

Looking at the profiles in figure 7.17, we found different profiles. Figure 7.17(a,b)
shows a profiles with a single main peak while 7.17(c,d,e) have two centered peaks.
Comparing our results with those obtained by [175] (capsid stiffness ~ 0.1 N/m), we

see that our experimental values are higher at the centre of the profile. The other
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Figure 7.16: HBV: stiffness profile and the centre points of the profile - (a) Stiffness
profile for HBV. The black circle represent the median of the data and the upper-lower error
bars are the 75% and 25% of the points, respectively. The points contained in the coloured
region are indentation points on the capsid top. (b) Probability density of the three central
points. (c¢) The cumulative distribution function of the three central points, where 62 capsids

have been indented. The grey sections show the subgroups of the stiffness values.

difference is that they are considered stiffness values of the centre and border of the
capsid and values of all orientations, giving them a stiffness value smaller than ours.
Although we can differentiate the capsid orientation with the indentation profile, in this
case, we do not have enough data to associate a specific orientation. Also, association
with the simulations performed by Lucas Menou and Martin Castelnovo [Fig. 7.17(f)]
is complicate because in the simulation the ratio between the capsid radius R, and
the cantilever tip radius R; is R;/R, = 1/5, while in our experiments R;/R, = 1/8.
The bigger tip can result in a loss of resolution in the simulation, not allowing the

differentiation between pentamers and hexamers.
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Figure 7.17: AAVS&: stiffness profile according to the value of the central positions
- The profiles show certain behaviours: (a,b) The stiffness value at the centre are largen than
at the border. (c,d,e) The stiffness values are smaller than at the border, showing a valley in
the centre. The coloured zones represent the profile central point, and the darker rectangles
show the profiles according to a certain range of stiffness values. The black circle represent
the median of the data, and the upper-lower error bars are the 75% and 25% of the points,
respectively. (f) The stiffness profiles corresponding to particular paths along the shell surface
is shown for a spherical shell. Four trajectories have been considered: pentamer-pentamer,

pentamer-hexamer, hexamer-hexamer and hexamer-pentamer and the profiles are similar.

7.3.3 Influence of capsid facet in the stiffness profile

We could obtain a stiffness profile with a more precisely stiffness capsid from the anal-
ysis protocol. Comparing both stiffness profiles directly, we noted that AAV stiffness
values are bigger than HBV values [Fig. 7.18(a)]. Additionally, the stiffness value at
the centre is approximately two times the border value for both capsids. Also, we
noted that there are bigger fluctuations in the stiffness value for AAV than for HBV
[error bars in figure 7.18(a)|. Figures 7.18(b,c) show the stiffness as a function of the
normalised position obtained by numerical simulations. In particular, figure 7.18(b)

shows a simulated profile for a faceted capsid (c;) and figure 7.18(c) shows a profile
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Figure 7.18: Comparing AAV and HBV capsids profiless - (a) Stiffness profile of AAV
and HBV capsids. (b,c) The stiffness profiles corresponding to particular paths along the shell
surface are shown for spherical shell with v ~58 (b) or faceted shells with v ~580 (c). Four
trajectories have been considered: pentamer-pentamer, pentamer-hexamer, hexamer-hexamer

and hexamer-pentamer and the profiles are similar.

for a capsid less faceted (cq), with an aspect more spherical. From the simulation, we
know that a more faceted capsid ¢; exhibit a bigger difference between the orientations
followed by the indenter [Fig. 7.18(b)]. On the contrary, ¢, have the same profiles for
all differents trajectories [Fig. 7.18(c)]. This effect could explain the fluctuations of
the stiffness in our experimental results. We have bigger error bars for AAV, the most
faceted capsid T=1, and smaller error bars for HBV capsids, less faceted capsids. To
summarise, we found that less faceted capsids, that is, capsids that have a spherical ap-
pearance, are more difficult to differentiate their orientation. The sensitivity to detect
orientation is a function of the R,/ R ratio, specifically related to the geometric limita-
tion; regardless of the indentation position, a large enough point will deform vertices,

edges, and faces simultaneously.
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7.4 Conclusions

To calculate the capsid stiffness from the force curves, we used two methods: (i) Hooke’s
law for two springs in series k,1, and (ii) we isolated the capsid deformation from the
indentation curve by subtracting a reference curve who have the cantilever deformation
k2. We found negligible differences comparing the approximated theoretical model (i)
and the stiffness calculated from the 6 — F' curves (ii). The force curves show that
for a maximum indentation force, the capsid deforms more at the border. A simple
geometrical interpretation can explain this effect: the indentation that the tip gener-
ates on the capsid is mainly produced by vertical indentation at the central position;
however, the actual indentation decreases as we move away from the centre. Also, we
can associate this effect through the intersection area between the viral capsid and the
tip section deforming the capsid. This intersection area decreases as it moves away
from the centre too. Consequently, the experimental stiffness profiles show that the
capsid is stiffer in the centre than at the border. Additionally, we have determined
the stiffness of some AAV serotypes, and we show that the AAV2 capsid is stiffer than
AAVS, and AAVS is stiffer than the AAV9 capsid.

The position-dependence was corroborated with numerical simulations carried out
by Lucas Menou and Martin Castelnovo, where they analysed different trajectories as
the experimental indentation protocol. Our analysis method allowed us to obtain the
stiffness in the capsid centre. We were also able to separate the stiffness profile based
on the orientation of the capsid. We classify each effective orientation stiffness, with the
5-fold symmetry axis being the most rigid, followed by 2-fold and 3-fold symmetry axis
being the softest. Furthermore, our analysis method is robust to changes in the stiffness
of the cantilever. Analysis performed with a larger tip showed that the measured capsid
stiffness increased. The contact area could explain this change in the stiffness value
that the cantilever tip deforms. That is, the larger the cantilever tip, the greater the
deformation area. Consequently, a greater stiffness is obtained because all the capsid

structure is deformed at the same time.

Comparing the stiffness profiles between the capsids of AAV8 (60 capsid proteins)
and HBV (240 capsid proteins), we found that more faceted capsids turn out to be
more homogeneous when facing orientation changes. This can be seen in the smaller
fluctuations of the stiffness values in the profiles. The simulation results show that
for less faceted capsids, there is no difference between the orientations. However,
our experimental measures show a difference in the profiles according to the capsids
orientation; nevertheless, these differences are smaller than the more faceted capsid

(AAVS). The difference between the simulation and the experimental work suggests
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a dependence on the tip size, as seen in Aznar et al., [341]. As a perspective, an
indentation could be performed over the HBV capsid, varying the tip size. We expect

then to observe a collapse of the profiles.
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Thermal stability of AAV and HBV

capsids
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Summary

This section is focused on understanding the genome release process by heating the
capsid and establishing a relationship with the mechanical properties (obtained in the
previous section). Typically two physical parameters in the literature are related to
nanomechanics measurements and may play a role in the genome release process. One
of them is their ability to deform the capsid (stiffness), and the maximum force that the
capsid can resist before breaking. The last parameter is more complicated to measure
through nanoindentation experiments. The force to break capsid is identified as a
discontinuity in the z-F' curves. However, it is not easy to indent right in the centre
due to the AFM piezo stage thermal drift. It is also impossible to use the indentation

profile because the capsid first breaks at the border before reaching the centre.

Furthermore, our interpretation will focus on the capsid stiffness to understand the
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capsid stability, that is, its ability to uncoat its genome. To mimic uncoating in vitro,
we heat the capsid and then use AFM imaging to see if the capsid morphology changes
and if DNA leaks out of the capsid. The capsid analysed are HBV and three AAV
serotypes: AAV2, AAVS8 and AAVY.

8.1 Deposition conditions and AFM imaging

The stock solution of viral capsids was initially diluted in Tris 10mM (pH 7.4), (i)
then, the sample was incubated at certain temperatures for a given time. For HBV,
the sample was incubated at 70, 75 and 80°C for 15 min. Another condition has been
used: the sample was incubated for 15, 20, 25 and 30 min at 80°C. For AAV2, the
sample was incubated at 50, 60 and 75°C for 15 min. After that, the reaction was
quenched for a few seconds on ice. As for the protocol developed in [280], (ii) we added
MgCly, 5mM to favour the DNA adhesion on the mica surface. (iii) The sample was
deposited onto a freshly cleaved mica surface for 5 min before rinsing with 1 ml of

ultrapure water and gently drying by nitrogen flow.

The images have been obtained using Tapping Mode in air. The cantilever used,
TESP-300, has a nominal stiffness of 40 N/m with a resonant frequency of ~ 300 kHz.
The images obtained have 3 pum in size, with a resolution of 512 x 512 and a scan

frequency of 2 Hz.

(a) (c) (d)

= ws/
Heatlng the Quenchmg Addltlon
' (@various T on ice of MgCl, '
—>
Mic

()
—>

deposmon dry

Figure 8.1: Stability Protocol - Illustration of the protocol of stability for sample prepa-

ration and deposition. Adapted from [280].
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8.2 Genome uncoating for HBV capsid

When the temperature is varied from 70°C to 80°C (15 min of incubation) [Fig. 8.2(a)],
no significant differences can be seen in the AFM images. The capsid height probability
density shows the same results, where the average height (around 12 nm) is the same
for the mentioned conditions [Fig. 8.2(b)]. The HBV capsid exhibits great stability to
temperature effects. As we showed in the previous section, the HBV capsid is much
softer than AAV capsids. The softer stiffness of the HBV capsid may explain the large
reduction in height when imaging in air. The height of the capsid in fluid gives us a
more real value, although it is also affected by the softer stiffness of HBV capsid |Fig.
7.14]. Finally, these results show the high thermal stability of HBV capsid, related to

(@) 3.0 um
: : ~70°C, 15 min

~
(=3
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Figure 8.2: AFM imaging of heat-induced HBV capsids destabilisation 1 - (a) AFM
images of HBV capsids for different heating conditions: 70, 75 and 80°C during 15 min of
incubation. (b) Probability density of the capsid height for the three conditions and Room

Temperature as a comparison.
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Figure 8.3: AFM imaging of heat-induced HBV capsids destabilisation 2 - (a) AFM
images of HBV capsids for different heating conditions: 80°C during 15, 20, 25 and 30 min of
incubation. (b) Probability density of the capsid height for the four first conditions.

the large capacity to deform the capsid.

To further destabilise the capsid, we have varied the incubation time at 80°C: the
sample was incubated for 15, 20, 25 and 30 min. AFM images show that the capsid
eventually underwent ruptures when the sample was exposed for 30 min [Fig. 8.3(a)].
Furthermore, it can be seen that the height of the capsid decreases slightly as the
incubation time increases [Fig. 8.3(b)|. The capsid height of the sample heated for 30
min decreased by almost half compared to the other conditions, indicating that it has
been destabilised. The AFM image of this condition shows small structures that might

be capsomers bound to mica.

The great stability of the HBV capsid could be associated with the capsid stiffness
being softer. In fact, It is in the softest capsids category among several viral capsids
that have been characterised using indentation experiments [149]. Also, under thermal

fluctuations, HBV capsid can experience large scale deformations without capsid failure
[149,176,329].
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8.3 Genome uncoating of AAV capsids

We will interpret the study about thermal stability of AAV capsids obtained in the
group before. Julien Bernaud, a PhD student of Cendrine Moskalenko, studied the
AAVS8 and AAV9 capsids stability when the environment varies, specifically when the
capsid is subjected to different temperatures. Consequently, the single-stranded DNA
starts to be ejected from the capsid [280]. As we have determined the stiffness of the
AAV?2 capsid, we have also studied its thermal stability, allowing us to interpret the

thermal stability and the mechanical properties of the three serotypes.

Julien showed that AAVS capsids begin to release DNA after a temperature of 60°C,
and at that temperature, there are no signs of breakdown as seen in figure 8.4(a). As
the temperature increases, the DNA is completely expelled or is still attached to the
capsid. At 75°C, capsids were completely destabilised, and all the DNA has been

T=37°C T=60°C T=70°C T=75°C

-
-~ N 1
.

T=37°C T=50°C T=65°C T=75°C

2.5 nm | et 2.5 nm

(a) AAVS

(b) AAVY

(©) AAV2

Figure 8.4: Comparison of thermal stability between AAV2, AAV8 and AAV9
- AFM images of (a) AAVS, (b) AAV9 and (c) AAV2 capsids when subjected to different
temperatures. AFM images of (a,b) were obtained and adapted from [280].
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released [Fig. 8.4(b)]. The protocol was also applied to the AAV9 [Fig. 8.4(b)],
showing a greater resistance to destabilisation. At the maximum temperature tested,
75°C, intact capsids are still present, and the ratio between intact capsids and released
DNA is dominant for capsids. AFM images for AAV2 capsids |[Fig. 8.4(c)] shows that
at room temperature, 37°C, the capsids are stable. We noticed that the AAV2 capsid
destabilised earlier than AAVS8 and AAV9.

To study the capsid evolution as a function of temperature, we analyse the corre-
lation between the maximum height of the capsid and the equivalent diameter (D, =
2\/ A/, where A is the area) [Fig. 8.5]. Focusing on the height projection of the 2D

maps, we can see that as the temperature increases, the capsid height decreases, except

(a) AAVS (b) AAV9 (c) AAV2
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Figure 8.5: Correlation between capsid maximum height and the equivalent diam-
eter as a function of the temperature - 2D probability density of height and equivalent
diameter for (a) AAVS, (b) AAV9 and (c¢) AAV2 capsids for differents temperatures. Data in
(a,b) were obtained from [193].
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for AAV9. It remains almost constant, suggesting that this capsid does not have an
intermediate state of DNA release. On the contrary, AAV8 and AAV2 have an interme-
diate state since the capsid height decreases before the capsid completely disassembles
at temperatures higher than 80°C. For AAV2 at 60°C, the same probability of finding
an intact capsid and capsid with DNA partially released and at 75°C only remains the
capsid with the DNA releasing.

From the mechanical properties analysis, we found that the capsid stiffness of AAVs
is: kaave < kaavs < kaave. Comparing the results from the capsid stability and
mechanical properties, we see that the more stable capsid AAV9, is at the same time,
the softer capsid. In general, the viral capsids must travel among various environments;
thus, the capsids have evolved to protect the viral genome against several physicals
constraints, which can be thermal, chemical or mechanical. As we mentioned, AAV9
is the serotype that has been associated with all tissue tropisms [191]. Perhaps their
tropism could relate to their capacity to resist different environments. Thus, to better
understand virus biology, it seems essential to increase our knowledge of viruses physical

properties and optimise their use as viral vectors.

8.4 Conclusions

We found that softer capsids can withstand temperature changes without uncoating
the capsid. The HBV capsid has an average stiffness of 0.3 N/m withstands tempera-
tures of 80°C (30 min of incubation). In contrast, the capsid of AAV2, being the stiffest
among AAV2, AAVS, and AAV9, broked at the lowest temperature 50°C. These results
suggest that AAV2 is less stable than AAVS, followed by AAV9. Through Differen-
tial Scanning Fluorimetry (DSF), Bennet et al., [282] measured the protein unfolding
by monitoring changes in fluorescence as a function of temperature, and they found
that AAV2 capsid is less stable than AAV8 and AAV9, the same tendency as our
experiments. In conclusion, we say that softer capsids are more resistant to thermal

destabilisation.
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ITR-DNA visualisation on AFM
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This chapter has been removed from the online version.
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Conclusions and Perspectives

During this thesis, T had the opportunity to work on three biological systems: (i) Me-
chanical properties and thermal stability of AAV and HBV capsids. (ii) ITRs charac-
terisation: these structures are characteristic of the AAV genome. (iii) R-loops objects
characterisation; these objects are generated during the transcription process. These
projects follow different subareas; however, we have established a common point in this
thesis, using the physics principles to understand these processes better. The tool that

allowed us to address these diverse issues was the Atomic Force Microscope AFM.

The AFM allows obtaining images of surfaces, which is an excellent tool for visu-
alising and characterising different biological objects at the morphology level. Addi-
tionally, the AFM allows measuring mechanical properties of these objects, allowing
establishing a relationship between the release process of the viral genome of AAV and
HBYV viruses and the mechanical properties of the objects involved in this process. We
had the opportunity to work on different capsids, thanks to Anna Salvetti (AAV) and
Lauriane Lecoq (HBV).

We developed a nanoindentation protocol to measure the mechanical properties and
obtain the stiffness of the viral capsid (in the centre of the capsid) with high precision.
The nanoindentation profile also shows the capsid stiffness depends on the position;
it is almost twice in the centre than at the border of the capsid. We determined the
stiffness of the AAVS8 capsid by changing both the spring constant and the size of
the cantilevered tip to verify our results. We found that the stiffness of the capsid is
independent of the constant elastic cantilever but not of the tip size. The stiffness of
the capsid using a larger tip increased stiffness, depending on the ratio between the tip
size and capsid size. Small tips will deform the capsid locally and be sensitive to the
icosahedral geometry and facets of the capsid. Bigger tips will deform the capsid as a
complete object, so the more capsomeres that deform, the greater the stiffness. The

stiffness must converge to a constant value for sufficiently large tips.

Although we could not identify the capsid orientation through the AFM images,
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our protocol allowed us to differentiate orientation according to the stiffness profile
behaviour. To verify these results, Lucas Menou and Martin Castelnovo developed
AFM nanoindentation numerical simulations to compare both profiles. We analysed
different experimental and numerical trajectories and found that the stiffness in a
pentamer is more significant than in a hexamer: in terms of capsid orientation, 5'>2">3’
symmetry axis. Also, the stiffness profile falls with the indentation distance to the
centre. We associated a profile to each orientation for AAV8 and AAV2. For the AAV9
capsid, we did not have enough data to differentiate a profile with each orientation.
Hence, more experiments are required to classify the indentation profiles according to
the orientation of this capsid. We found that AAV9 is much softer than AAV8 at the
average profile level, followed by AAV2. Despite the level of the central points of the
profile, AAV2 is more rigid than AAVS.

Analysing the stiffness profiles, we noted that the more faceted capsids (AAV,
60 capsid proteins) are more inhomogeneous when facing orientation changes. On
the contrary, the capsid HBV, which has 240 capsid proteins, have stiffness value
fluctuations smaller than AAV. The simulation results show that for the less faceted
capsids, there is no difference between the orientations. However, in this case, the
tip was larger than the capsid size compared to our experiments. As a perspective,
indentations could be made on the HBV capsid, varying the tip size. We expect that
the profiles collapse for big enough tips. For HBV, the stiffness at the centre of the
capsid is approximately 0.3 N/m. Greater than the value found in [175] which is around
0.1 N/m. The difference between the values could be explained if we omit the position

dependence over the capsid.

An interesting effect was visualised in the force curves; a non-linear behaviour was
exhibited at small forces. We showed that this effect is not constant at the profile level.
In some profiles, the non-linear regime was smaller in the centre or near the capsid
centre, and sometimes it was random. We suggest that this effect could be related to
the protrusions on the capsid surface. When we analysed the force curves of HBV,
we noticed that the non-linear force regime was less pronounced. This is consistent
because the protrusions of the HBV capsid are distributed in a more homogeneous way
over the capsid surface. It would be interesting to study the non-linear force regime in
detail since the capsid protrusions play an essential role during the viral cycle binding

process.

Additionally, we studied the thermal stability of AAV and HBV capsids. In gen-
eral, we found that the softer capsids are more resistant to thermal fluctuations. By
comparing the capsids of AAV, we determine that AAV9 is the most resistant. This is

interesting because this serotype has been associated with all tissue tropisms, and per-
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haps its ability to express in various cellular tissues is related to its ability to resist long
deformations of the capsid. In our laboratory biophysics team, Fabien Montel works
on the transport of biomolecules in a confined environment. Specifically, he observed
the passage of individual capsids through artificial membranes with calibrated pores of
different diameters. Preliminary experiments with AAV capsids showed that the only
serotype they could visualise, that is, that was able to pass through the artificial pore,
is the AAV9 capsid. Therefore, the stiffness of the capsid could play a fundamental

role in the nuclear entry process.

This result makes us wonder if the HBV capsid is small enough to pass directly
through complex nuclear pores since it is smaller than the pores themselves and as-
suming that the softer stiffness supports transport. So why does this virus need trans-
port receptors to cross the nuclear membrane? Why does it remain stuck in the pore?

Besides, why does the viral genome release occur in the pore?

The mechanical properties study is not the only way to understand the replication
processes of viruses. For decades, researchers have tried to understand the virus pro-
cesses to provide specific cures. Advances have reached such a point that viruses are
currently being used to introduce genetic material into target cells using non-viral or
viral vehicles. The efficiency of genes transfer depends on several factors. In partic-
ular, Laurianne Laugel and Magalie Penaud-Budloo are interested in increasing the
gene transfer efficiency of recombinant AAV vectors and understanding the inverted

terminal repeats role (ITR) in this process.

In a first approach to understanding the structure of the ITR, and together with
Marianne Laugel and Magalie Penaud-Budloo, we managed to develop a protocol that
allows its visualisation through AFM images. We show that the ITRs of rAAV DNA
can generate different conformations. Besides, we noted that the I'TRs could adhere to
the capsids, where sometimes one capsid was attached to one DNA end, and at other
times two capsids attached to each DNA end. Hence, we suggest that this interaction
could depend on the type of conformation of the I'TR. From a general perspective,
more experimental data are needed to establish a complete interpretation. Another
interaction we identified was between a capsid and another part of the DNA that is
not necessarily at the DNA end. When there was no capsid attached in that position,
secondary structures were identified: structures with a height more significant than the
average DNA height. We suggest that the protomers generate these secondary struc-
tures in the AAV genome since they coincide with the secondary structure positions.
If this is the case, it would be interesting to study this effect since the protomer is
a regulatory element of the viral vector genome, determining the transgene level of

expression and in which cells it will be expressed.
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During the transcription process, some secondary structures can also be generated,
specifically structures called R-loops. In collaboration with Vincent Vannosthuyse, we
have studied the R-loops objects resulting from the in vitro transcription of the AIRN
gene. These R-loops objects disappear when RNase H is applied to digest DNA /RNA
hybrids. To study and quantitatively R-loops objects, I developed an algorithm in
Matlab that allowed us to determine the morphological and mechanical properties of
DNA containing R-loops objects. We identify three types of conformations that we
call blob, spur and loops objects. These R-loop objects differ mainly by the amount of
DNA contained, where the spur object contains more DNA than the blobs and loops
objects. The R-loop object initial generation position depends on the object type,

although the final position variations depend on the object volume type.

When the airn gene was mutated, the R-loop objects conformation were affected,
although these mutations did not affect the amount of DNA-RNA hybrids. Also,
we found that a new R-loop objects formation position but with a lower frequency
of appearance. To know if this type of R-loop object is identified in other genes, a
similar analysis was carried out on the sum3 gene. AFM images did not show R-loop
objects, suggesting that the extruded ssDNA does not form detectable R-loop objects.
In conclusion, we propose that the non-template stranded sequence determines the
three-dimensional architecture of R-loops in wvitro. Analysis of the DNA mechanical
properties for the airn gene showed that the R-loop objects globally change the DNA
molecule persistence. When the R-loops objects were not detected in the AFM images
(sum8 gene), the DNA persistence did not undergo structural changes. Perhaps these
structural differences are related to the pathological or physiological behaviours of
the R-loops. Therefore, from a biological perspective, it would be interesting to see
whether the production of R-loops at the airn or sumd genes in vivo also lead to

different consequences in terms of cell fate.
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