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Introduction

Dear reader, this work aims at a better understanding of two problems that are im-
portant, both from the point of view of fundamental physics, as of biology: First, the
mechanical and structural behavior of biomolecules under an applied external force,
and second, the early steps of ribosome assembly in Escherichia coli (E. coli).

Let us remind that forces play important roles in biology. They are exerted on DNA,
RNA and hybrid molecules by molecular motors and enzymes [1, 2, 3, 4, 5] during
biological processes, as DNA replication, homologous recombination, strand-repair,
packaging, transcription, ribosome assembly, translation, cell division, and many more.
These forces can result in topological, conformational or structural changes inducing
extension, torsion or generation of a single strand. The latter is particularly important
for biological processes, as it can lead to parasitic interactions and formation of non-
native structures, which may affect biological processes involving duplexes composed
of DNA or RNA. Therefore, the understanding of the mechanical response of DNA
and RNA duplexes, as well as of DNA-RNA heteroduplexes (DNA-RNA hybrids) to
an applied force is not only a fundamental problem in physics, but also of vital interest
for biology. Beyond providing insight into molecular and cellular regulation, it may be
useful for the development of applications in biotechnology and medecine.

Our second motivation is to better understand ribosome assembly. The ribosome
is responsible for protein synthesis in all living organisms. The ribosome consists out
of two subunits, a large and a small one. Here we study the large one. It is formed
out of two RNA strands called 23S with 2904 nucleotides and 5S with 120 nucleotides,
and proteins. The standard view is that 23S folds immediately after it is synthesised,
that proteins are incorporated right away, and that the absence of proteins prevents it
to fold properly. A key indication for this view is the large difference in efficiency of
ribosome assembly in vivo as compared to that in vitro. While ribosome biogenesis in
vivo can occur efficiently at 37°C in a couple of minutes, reconstruction of ribosomes
in vitro takes much longer: As an example, the large subunit folds in 90 minutes at
50°C. Two major reasons have been put forward to explain this difference. One is that
non-ribosomal factors are present in wvivo that transiently interact with the nascent
ribosome and assist its assembly. The second one is that in vivo ribosomal proteins
and assembly factors bind to the RNA during its synthesis, facilitating its folding.

The idea of our experiment is the following: Using an RNA-DNA hybrid, we liberate
the RNA with the sequence of the ribosomal RNA (i.e. 23S and 5S) at the rate at which
it is synthesized in the cell, namely 40 base pairs per second. In this way we mimick as
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closely as possible RNA synthesis in living organisms, while at the same time keeping
full control over the environment. More specifically, we compare folding of the rRNA
in our standard buffer alone with the buffer augmented by the five proteins which are
believed to bind first (early binders) [6]. This comparison is achieved by studying the
force-extension curves in our optical tweezer experiments. Incorporation of the proteins
is visible as a change in the hysteresis of the measured force-extension curves.

More specifically we ask ourselves the following questions:

Problem 1.

What are the mechanical responses of deoxyribonucleic acid (DNA), ribonucleic
acid (RNA) duplexes and DNA-RNA heteroduplexes to applied external forces? What
is the difference between the response of different molecular duplexes?

Problem 2.

What is the effect of early binding ribosomal proteins ul4, ul.24, ul.22, ul.13, bL.20
on early steps of ribosome assembly?

These two questions will be treated in chapters I and II of the manuscript, re-
spectively. In chapter I we also present the molecular objects of the study, the ex-
perimental setup and afterwards the way to prepare the molecular constructs for the
single-molecule force measurements. A summary in French is given in chapter III.
Detailed protocols are provided in the annex A.
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Overstretching molecular duplexes made
of DNA and RNA

In this work, we apply force on DNA and RNA duplexes, as well as DNA-RNA hybrids.
In order to better understand the mechanical properties and force-induced structural
modifications of these biopolymers, let us first refresh our knowledge on their chemical
and physical structures.

L1 DNA, RNA, DNA-RNA hybrid

1.1.1 Chemical structure

DNA

DNA is one of the main fundamental functional biopolymers and the only permanent
carrier of genetic information in the cell. In native structure it is a double stranded
helical molecule, each strand of which represents a polypeptide chain with a sequence of
four different nucleotides called Adenine (A), Guanine (G), Cytosine (C), and Thymine
(T). Each nucleotide consists of three different chemical groups: A phosphate group, 5
carbon sugars (deoxyribose for DNA) and a nitrogenous base, the latter being the only
group by which the four nucleotides differ from each other. By establishing covalent
bonds between the phosphate group of one and the sugar group of the other, these
nucleotides form a single polypeptide chain of deoxyribonucleic acid (DNA) with a
sugar-phosphate backbone and bases attached to it. Two DNA strands are joined
together via hydrogen bonds between the bases of one strand and their complementary
bases on the other strand forming base pairs. Adenine is always paired with Thymine
(AT base pair) and Guanine with Cytosine (GC base pair). Two consecutive base pairs
are held together by stacking interactions, see figure I.1.

3
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Figure I.1: A) Schematic representation of a double stranded DNA helix and its four
nitrogenous bases: adenine (yellow), thymine (green), cytosine (cyan), guanine (red).
B) Chemical structure of the four DNA nucleotides. Each nucleotide consists of a
phosphate group, five carbon sugars, and a base, either cytosine (blue), guanine (green),
adenine (yellow), or thymine (red).

RNA

Similar to DNA, RNA is functional in the cell. It plays important roles in different
biological processes, like ribosome assembly, protein synthesis, gene regulation, gene
expression and so on. Unlike DNA, RNA appears in the cell mainly single stranded.
Similar to a single strand of DNA (ssDNA), a single strand of RNA (ssRNA) is a
polypeptide chain composed of a sequence of four nucleotides: adenine, guanine, cy-
tosine and uracil instead of thymine, see figure 1.2. As in DNA, the latter can bind
together by covalent bonds in a sequential manner forming AU and GC pairs. This
allows to represent RNA, like DNA, as a sequence of nitrogenous bases attached to
a long sugar-phosphate backbone. However, there is a difference in sugar groups. In
RNA this sugar group is ribose unlike deoxyribose in DNA, see figure 1.3. To protect
its hydrophobic bases, an RNA strand interacts with itself forming hydrogen bonds be-
tween complementary bases. This results in a secondary structure composed of loops
and double helical regions.

DNA-RNA hybrid

Due to many similarities in their chemical structure, DNA and RNA can form double
helices similar to DNA. These hybrids are involved in homologous recombination of
chromosomal DNA in case of double-strand DNA damage [7, 8]. DNA-RNA hybrids
consist of one DNA and one RNA strand bound to each other by hydrogen bonds
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Figure 1.2: A) Schematic representation of single stranded RNA and its four nitroge-
nous bases: adenine (yellow), uracil (blue), cytosine (cyan), guanine (red). B) Chemical
structure of four RNA nucleotides. Each nucleotide consists of a phosphate group, a
5 carbon sugar and a base (cytosine (blue), guanine (green), adenine (yellow), uracil
(orange).
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Figure 1.3: Chemical structure differences between thymine and uracil bases and be-
tween 5 carbon sugars of DNA and RNA molecules. Thymine and uracil differ by a
methyl group, which is present in thymine and absent in uracil (orange arrows). The
OH group at the second position of the RNA 5 carbon sugar is replaced by a hydrogen
atom in DNA (red arrows).
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Figure 1.4: Physical structures of dsDNA, dsRNA, RNA-DNA hybrid and differences
of A and B form helices. In double stranded configuration all three molecules ex-
hibit helical structure. Depending on external conditions dsDNA adopts A or B form,
whereas dsRNA and RNA-DNA adopt only A form. Both A and B form helixes are
right handed. Compared to B form, helixes in A form are shorter and wider. A)
B-DNA has 2nm diameter and a distance of 0.346nm between two consecutive base
pairs. One helical turn is 3.46nm corresponding thus to 10 base pairs. B) A-DNA has a
diameter of 2.6nm and a distance between two consecutive base pairs is 0.256nm. One
helical turn is 2.81nm corresponding thus to 11bp. C) A-RNA double helix has 2.6nm
diameter and 0.273nm distance between two consecutive base pairs. One helical turn
is 2.86nm corresponding thus to 10.5bp. D) RNA-DNA hybrid has 2.6nm diameter
and 0.26nm distance between two consecutive base pairs. One helical turn is 2.85nm
corresponding thus to 11bp.

between complementary bases, forming thus three different base pairs along the hybrid
sequence: AT, GC, and AU, see figure 1.4. As we saw above, all three molecules form,
either completely or partially, a double helical structure in their native state. Let us
see how similar and how different they are.

1.1.2  Physical structure

At room temperature, neutral pH and above 75% humidity, dsDNA is a double helix of
B form (Fig. I.4A). It is right-handed with 2nm diameter and a helical turn of 3.46nm
which corresponds to 10 base pairs. The distance between two adjacent base pairs is
0.346nm.

Compared to dsDNA, dsRNA and RNA-DNA hybrids are in A form. As one can
see from Fig. 1.4, unlike the B form which is thin and long, double helixes in A form
are short and wide. A helix formed by dsRNA has a diameter of 2.6nm. The distance
between two adjacent base pairs is 0.273nm. One complete helical turn is 2.86nm
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corresponding to 11 base pairs per turn. The double helical structure of RNA-DNA
hybrid is very close to that of dsSRNA. It has a diameter of 2.6nm. The distance between
adjacent base pairs is 0.26nm. One complete helical turn is 2.85nm corresponding to
10.5 base pairs per turn.

1.2 Optical tweezers

1.2.1 The principle of optical trapping

Over the last decade many different tools and techniques were developed to study the
biological role and the mechanical properties of single molecules. Among them, dual-
beam optical tweezers are of particular interest. Their principal is simple, and based
on light-matter interaction. In our case, there is interaction between a focused laser
beam and a polystyrene bead.

Comparing the wavelength of the laser, and the size of the object to be trapped,
there are three regimes:

1. A > d, the wavelength of light X is large as compared to the size d of the object
(dipole-approximation regime).

2. A < d, the wavelength of light A is small compared to the size d of the object
(ray-optics regime).

3. A = d, the wavelength of the light A is comparable to the size d of the object.

In our experiments we deal with case 3, A = d, which is well described by the generalized
Lorentz-Mie theory [9]. In order to understand the basic principle of optical trapping
and avoid complicated mathematics, we restrict our considerations to case 2, i.e. A < d.
Light carries momentum, and as we know in scattering experiments the total mo-
mentum is conserved. When interacting with matter, the photons of the laser beam
are partially reflected and refracted by the matter thus loosing momentum. Let us de-
note by p'the momentum of the photons before their interaction with the bead, by p;
the momentum of those which have been refracted, and by p, the momentum of those
reflected by the bead. Then, the change in photon momentum, i.e., the momentum
that the photons transfer to the bead due to their interaction, is
Vet (L)
As stated, this difference is partially due to refraction and partially due to reflection
of the photons. Thus, it can be represented as a sum of the momentum changes of the
photons, due to refraction dpye/dt and reflection dpeq/dt.

dﬁ dﬁ refr dﬁeﬂ
- = 1.2
dt dt + dt (12)
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According to Newtons second law, the force transferred to the bead is

dp =
—=F. L3
o (I.3)
Therefore equation (I1.2) can be written as
ﬁ = ﬁgrad + F_:scat . (14)

In equation (I.4) force ﬁgrad corresponds to the force induced by the refracted lite and
the force ﬁsm is the force induced by the reflected lite. and For a Gaussian laser beam,
the beam intensity is well approximated by a Gauss-function, and thus is highest in
the center. If the bead is in the periphery of an unfocused laser (Fig. I.5a), the force
F'b induced on the bead by beam b coming from the center dominates over the force
F, induced by the beam coming from the periphery. As beam b is refracted to the top,
the resultant force ﬁgmd will be directed down towards the center of the laser beam. It
will thus move the bead to the center, while at the same time moving it in the direction
of the incoming laser beam.

There is another force component acting on the bead. It is the scattering force
ﬁscat, induced by the reflection of photons. Being directed along the propagation of the
laser beam, F’scat moves the bead along the laser beam. According to equation (1.4),
the resultant force F , which is the sum of ﬁgrad and ﬁscat, will attract the bead to the
center of the beam and move it along its propagation axis.

Let us now consider a focused laser, see Fig. 1.bb. If the bead is in the center of
the beam, the forces F, and F}, are equal in magnitude. They result in a force F;rad
antiparallel to the dlrectlon of propagation of the beam, becoming therefore a force
counteracting Fbcat While Fscat moves the bead along the laser beam, Fgrad moves the
beads towards the focal point, i.e., the point with the highest light intensity. This way
the bead is stably trapped slightly behind the focal point [10, 11]. Another way to
understand this is to realise that due to focussing, the incoming beam comes “from the
side”, thus rotating the axes of the refracted beam s.t. it obtains a component moving
in the opposite direction of the incoming beam.

1.2.2 Dual beam optical tweezers

To do our experiments we used dual beam optical tweezers (Fig. 1.6). The laser beam
emitted by a Nd:YVO, laser (1064nm, 10W) is first enlarged in diameter by a telescope
composed of lenses L1 and L2. This allows us to reduce heating of the following
optical components. The laser beam is then split into two independent beams of
perpendicular polarization by a polarizing cube C1. A half wave plate A\/2 allows us
to adjust the repartition of the power among the splited beams. One of the resulting
beams is reflected by a mirror attached to a piezoelectric tilting stage creating a mobile
beam. The other beam is reflected by a stable mirror, creating a fixed beam. After
being recombined by a second polarizing cube C2, the two beams pass through a
high-numerical aperture microscope objective (Nikon, 100x oil immersion, NA = 1.4)
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High NA
Objective Lons

Figure 1.5: Optical trapping phenomenon in ray optics. Interacting with a bead,
rays a and b induce forces Fj, and Fj, on the bead. The figure is taken from optical
nanomaipulation lab (ONM) web page.

creating a fixed trap and a mobile trap in the sample plane. The lateral distance
between the fixed and mobile trap can be adjusted with nanometer precision. After
passing through the sample, the two beams are collimated by a second objective (Nikon,
60x water immersion, NA = 1.2). The mobile beam is separated using a Glan air
polarizer and blocked by a beam blocker. This way, only the fixed beam reaches the
detector. We use a position-sensitive diode (PSD) as detector to measure the position
of the bead within the fixed trap using back-focal-plane interferometry. The force is
derived from the position of the bead within the trap. The power spectral density of
the bead is measured to calibrate the force, using a procedure described elsewhere [12].

1.3 Four molecular constructs

To study the force response of DNA and RNA double strands and hybrids, we prepared
four different molecular constructs (Fig. 1.7): dsDNA (Fig. I.7a), dsRNA (Fig. 1.7b),
RNA-DNA hybrid (Fig. [.7¢) and DNA-RNA hybrid (Fig. .7.d). Three extremities of
each molecular construct are modified by incorporation of biotin-carrying nucleotides
and one extremity is left unmodified. Since biotin makes a strong non-covalent bond
with streptavidin, the incorporation of biotin-carrying nucleotides allows us to attach
three extremities of the molecule to beads. The unmodified extremity will have no
attachment and thus remains free. The two beads are then trapped in two optical
tweezers and moved apart. This way, forces are exerted on the molecule spanning
them (Fig. 1.8).

All four molecular constructs have the same length (4050bp) and the same sequence
of nucleotides. For further scientific study of ribosome assembly of E.coli described in
section II of this manuscript, the molecules were prepared such that the leading strand
with one attachment (at the 3" end) to a bead carries in consecutive manner (from 5’ to
3’) the genes r11B (coding for 23S ribosomal RNA), 1rfB (coding for 5S rRNA) and half
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Figure 1.6: Schematic representation of the major elements of our dual beam optical
tweezers setup. In the inset, we show two beads trapped in the fixed and mobile traps.
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Figure 1.7: Schematic representations of four molecular constructs and their attach-
ment sites. DNA strands are shown in red, RNA strands in green. Biotin groups
are represented in blue. Three of the four extremities of each molecule have biotin-
modified nucleotides, while one extremity has no modification. a) doubled stranded
DNA (dsDNA), b) double stranded RNA (dsRNA), ¢) RNA-DNA hybrid (RNA-DNA),
d) DNA-RNA hybrid (DNA-RNA). Note the difference between the RNA-DNA hybrid
and the DNA-RNA hybrid. In the former (latter) case the DNA (RNA) strand will be
under tension.

Figure 1.8: Schematic representation of four molecules, as they are optically trapped
in the centers of two focused laser beams. As in the preceding figure, DNA and RNA
strands are red and green, respectively. Arrows indicate the direction of displacement
of the laser beams. The force F' exerted by the optical trap on the bead is represented.
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Figure 1.9: Preparation of dsDNA

of murB, where murB plays the role of a spacer. The total length of our constructs is
well-adapted for single-molecule manipulation, in particular it is convenient to capture
the two beads linked by a molecule of this length (4050bp) in separate traps. We now
describe the detailed steps needed to prepare the constructs, first for dsDNA, then for
the RNA-DNA hybrid, dsRNA and for the DNA-RNA hybrid at the end.

1.3.1 Preparation of dsDNA

The sequence of interest is amplified by a polymerase chain reaction (PCR) from the
plasmid pT7rrnB (Fig. 1.9). The PCR primers (primer 1 and primer 2) were designed
to introduce the sequence of a T7 polymerase promotor and an Afl2 restriction site
(primer 1) at one extremity of the double-stranded PCR, product, and the sequence
of an Fsel restriction site (primer 2) at the other extremity. The PCR product was
then digested by the Fsel restriction enzyme. The restricted piece was purified and
replaced by a similar sequence carrying biotin via ligation. The resultant product
was then digested by an Afl2 restriction enzyme generating a 4-nucleotide overhang
at the 5" end of the leading strand. The complementary nucleotides were filled in by
Klenow DNA polymerase (Klenow exo-fragment). Some of them carry biotin groups
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for attachment.

1.3.2 Preparation of the RNA-DNA hybrid

As for dsDNA, the sequence of interest was first amplified by a polymerase chain
reaction (PCR, stepl Fig. 1.10). The PCR primers (primer 1 and primer 2) were
designed to introduce the sequence of a T7 polymerase promotor and an Afl2 restriction
site (primer 1) at one extremity of the double-stranded PCR product, and the sequence
of an Fsel restriction site (primer 2) at the other extremity (Fig. I.10, step 2). A part
of the PCR product (2ug) was conserved at —20°C for in vitro RNA transcription and
the rest was used to prepare dsDNA with biotin modifications at three of its extremities
following the same steps (Figures N5, N6, steps 3-6) as described in section 1.3.1. Once
the dsDNA with biotin modifications was ready (Fig. .10, step 6), the conserved PCR
product was used to obtain in vitro transcribed RNA containing the sequences of 23S
and 5S rRNAs (Fig. 1.10, step 7). It is important to prepare fresh RNA for this step,
since its stability is low and it degrades fast as compared to DNA. After preparation of
ssRNA (Fig. 1.10, step 7), the RNA and the dsDNA (Fig. 1.10, step 6) were combined
to do a strand exchange. This way, many copies of the RNA-DNA hybrid with biotin
modifications at the two extremities of the DNA strand were obtained (Fig. I.10, step
8). The last biotin modification at the 3rd extremity of the RNA-DNA construct
(3" end of RNA strand) was introduced by a small RNA oligo of 20bp carrying two
biotin-dT at its extremity. The remaining dsDNAs were degraded by an appropriate
restriction enzyme to make sure that all the measurements were done on RNA-DNA
hybrids only.

1.3.3 Preparation of dsRNA

Each strand of dsRNA was prepared separately. The leading strand was prepared as
described in the previous section 1.3.2. (Fig. .10, steps 1, 2, 7, Fig. .11, steps 1, 2, 3).
The preparation of the lagging strand was done as follows. The sequence of interest (23S
and 5S rRNA) was amplified by a polymerase chain reaction (PCR). The PCR primers 3
and 4 (Fig. [.11, step 1) were designed to introduce a random sequence at one extremity
of the PCR product and a sequence of T7 polymerase promoter and a restriction site for
Fsel restriction enzyme at the other extremity of the PCR product (Fig. .11, step 5).
As one can see from Fig. .11, to prepare the lagging strand the T7 polymerase promotor
sequence is introduced at the opposite extremity of the PCR product (Fig. 1.11, step
5) as compared to the preparation of the leading strand (Fig. 1.11, step 2). After the
PCR reaction, part of it was used to perform in vitro transcription of the lagging single
stranded RNA (Fig. I.11, step 8). The latter was biotin-modified at both extremities via
splint ligation. The idea of our particular splint ligation is the following. T4 RNA ligase
2 can ligate pieces of ssRNA (biotin-modified in our case) to DNA-RNA hybrids. This
means that in order to ligate biotin-modified RNA oligonucleotides at two extremities of
the ssRNA_ lagg, it is necessary to create small regions of a DNA-RNA hybrid at both
extremities. To do this, two DNA oligonucleotides (DNA1 and DNA2, Fig. I.11, step 7)
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Figure 1.10: Preparation of the RNA-DNA hybrid with biotin modifications.

having half of their sequence complementary to the ssRNA_lagg extremities and half
to RNA oligonucleotides (biotin-modified) were hybridized to ssRNA_lagg, creating
bridges for ligation of two RNA oligonucleotides (RNA1, RNA2, in red, Fig. I.11, step
9). After successful ligation, two RNA single strands (ssRNA_lead and ssRNA_ lagg)
were hybridized creating dsRNA with two biotin-modified edges (Fig. 1.11, step 8).
The final dsRNA construct with 3 biotin-modified extremities was obtained by ligation
of the last RNA3 oligonucleotide (Fig. .11, step 9). The latter is the same as for
RNA-DNA hybrid (Fig. 1.10, step 9).

1.3.4 Preparation of DNA-RNA hybrid

In this case, the leading strand is DNA and the lagging strand is RNA. The prepa-
ration of this construct is done in three steps: a preparation of dsDNA with three
biotin-modified extremities (Fig. .12, steps 1-5), preparation of the lagging RNA sin-
gle strand with biotin modifications at its 5" and 3’ ends (Fig. 1.12, steps 6-9) and
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Figure I.11: Preparation of the dsRNA molecule with biotin modifications.
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Figure 1.12: Preparation of DNA-RNA hybrid with biotin modifications.

an exchange of the DNA-lagging strand by a RNA-lagging strand via a hybridization
reaction (Fig. [.12, step 10). The preparation of dsDNA is the same as in section 1.3.1
(Fig. [.12, steps 1-6) and the preparation of the lagging ssRNA is the same as described
in section 1.3.3 (Fig. I.11, steps 4-7).

1.3.5 Further treatment of the constructs

When the molecular constructs are prepared, part of them are conserved at —20°C for
later use, while part of them are mixed with streptavidin-coated polystyrene beads.
The mixture is first centrifuged 6 min at 30G and then incubated at room temperature
(25°C) for one hour. Centrifugation allows the beads and the molecules to come close
together, thus increasing their binding efficiency and reducing the incubation time from
3 hrs to 1 h. After incubation, the sample is loaded into a fluidics chamber composed of
two glass coverslips sealed together by 2 parallel parafilm layers. After loading with the
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