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1.1 The hierarchy of life: biological organization 

Biological systems are made of a large number of components that interact in a 
non-trivial manner and therefore they are called ‘complex systems’. By 
definition, a complex system is composed of interrelated subsystems that are, 
in turn, made of different subsystems1, and so on. Natural complex systems often 
exhibit this hierarchic structure. A simplified description of the biological 
organization on our planet is shown in Fig. 1.1, spanning from atoms to the 
biosphere, with increasing degree of complexity2. 
As a single-molecule biophysicist I would like to zoom in to the nano/micro-
meter scale world and on a few biological systems which span five orders of 
magnitudes spatial range (Fig. 1.1). Here we find the building blocks of most 
biological systems: nucleotides, amino acids and phospholipids. Their assembly 
lead to the formation of three major biological macromolecules: DNA, proteins 
and membranes, respectively. It is fascinating how molecular subunits can 
assemble into supra-molecular structures exhibiting new functions that the 
isolated monomers do not possess. Non-covalent forces (electrostatic, 
hydrogen bonding, hydrophobic, van der Waals, aromatic stacking) drive these 
monomers self-assembling process and the subsequent interactions between 
the formed macromolecules3, defining the molecule new function.  
In this thesis I investigate interactions between the three major macromolecules 
of life, both with each other and with themselves (see section 1.3). To appreciate 
the biological and biophysical context of these investigations, this chapter 
provides basic and relevant background information. 
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Figure 1.1: The hierarchy of life. Left panel: main systems describing our planet biological 
organization, in order of increasing complexity (from bottom to top).  Right panel*: nano/micro-
meter scale (logarithmic scale) with several biological systems, spatially placed according to their 
size. Nucleotides, amino acids and phospholipids (underlined) are the building blocks of three major 
macromolecules: DNA, proteins and membranes, respectively. 
 

 

 

 

 

 

 

 

 

 

*Images sources. Amino acids adapted from ref.4; Proteins from PDB ref.5,6; Phospholipids adapted 
from ref.7; Viruses adapted from ref.8; Nucleotides & DNA adapted from ref.9; Chromosomes adapted 
from ref.10; Bacteria adapted from painting “E. coli” by Shardcore (2006); Synapse adapted from ref.11.   
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1.2 The building blocks of three major biological 

macromolecules  

In the following section I shortly describe how the main biological building 
blocks (nucleotides, amino acids, phospholipids) assemble into three major 
macromolecules of life (DNA, proteins, membranes). 
 

1.2.1 From nucleotides to DNA 

Nucleotides are the building blocks of deoxyribonucleic acid (DNA) molecules. 
The interaction between these monomeric subunits results in a stiff linear 
polymer: the DNA. The four nucleotides have a common structure consisting of 
a sugar and a phosphate group, while they are chemically differentiated by a 
specific nitrogen containing base (adenine A, guanine G, cytosine C, thymine T). 
Base pairs combinations are allowed only between complementary bases (A-T 
or G-C pairs results from two or three hydrogen bonds, respectively). The 
covalent stacking interactions between cyclic base pairs result in a double helix, 
made of two antiparallel strands (i.e. double-stranded DNA)12 (Fig. 1.2). The 
resulting DNA helix has a helical repeat of 3.4 nm (10.5 base pairs), a diameter of 
2 nm, and persistence length of about 50 nm13. 
Importantly, the outer edges of the nitrogen-containing bases are exposed and 
available for potential hydrogen bonding. Electrostatic interactions with the 
negatively charged backbone, as well as hydrophobic/hydrophilic interactions, 
are essential as they provide DNA access to several binding molecules. Since the 
DNA is the central carrier of genetic information in living cells, the cell is 
equipped with an extensive protein machinery that is responsible for 
maintaining and processing its own DNA (see next section).  
 

 

Figure 1.2: From nucleotides to DNA. Schematic representing, from left to right: (i)  nucleotide 
(adenine) atomic structure; (ii) base pairs bonding between complementary bases (A-T and C-G, 
adapted from ref.9); (iii) base pairs stacking spatial arrangement resulting into a double stranded 
helix, called deoxyribonucleic acid (DNA). 
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1.2.2 From amino acids to proteins 

A protein is essentially a linear polymer formed by monomeric subunits called 
amino acids. All 20 existing amino acids share a common structure made of a 
central carbon linked to a hydrogen atom, a carboxyl group, an amino group and 
a variable component, or side chain. A protein folded structure arises from 
several hierarchic levels of interactions (Fig. 1.3). The primary structure is the 
linear sequence of amino acids linked together by peptide bonds. Hydrogen 
bondings between amino groups and carboxyl groups in neighboring regions 
lead to the -helices and -sheets (secondary structure, see Fig. 1.3). The three-
dimensional arrangement of the secondary structures defines each protein’s 
unique tertiary structure. The latter is stabilized by several chemical forces like 
hydrogen bonds, electrostatic interactions, hydrophobic forces and covalent 
bonds (Fig. 1.3). Last, the protein quaternary structure refers to those 
macromolecules with multiple polypeptide chains or subunits interacting 
together. The linear amino acid chain ultimately determines how the protein 
folding will occur. This sequence is synthesized during the translation of a 
messenger ribonucleic acid molecule, which is in turn synthetized by RNA 
polymerase when transcribing the DNA sequence. Complex protein machineries 
are not only responsible for maintaining, compacting, repairing, copying, and 
transcribing the DNA, but they perform a large variety of biological functions - 
such as catalyzing biochemical reactions (enzymes), providing structural 
support to cells, transporting cargos in the cell and in the whole organism, 
controlling processes such as cell regulation, protection, and supply. In addition 
proteins are the building blocks of the most abundant biological entities on our 
planet: viruses14,15 (see examples of viral cages in Fig. 1.1, adapted from ref.8). 
 

 
Figure 1.3: From amino acids to proteins.  Schematic representing, from left to right: (i) amino 
acids polypeptides chain (colored ellipses) with zoom into one generic amino acid atomic structure, 
where the variable component is indicated as R; (ii) representation of -helix and -sheet secondary 
structures; (iii) folded protein structure (Escherichia coli RNA polymerase 

70 holoenzyme from 
PDB5). 
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1.2.3 From phospholipids to membranes 

Phospholipids are amphipathic molecules as they possess both hydrophilic 
(from Greek ‘water-loving’) and hydrophobic (‘water-fearing’) properties. Their 
structure includes a polar head group from which originate two nonpolar 
hydrocarbon tails (Fig. 1.4). When into water, hydrophobic interactions drive 
their self-assembly into a bilayer, with the hydrophobic tails sandwiched 
between the hydrophilic head groups (2-4 nm in height)16. The energetically 
most-favorable arrangement of such a membrane, with no exposed edges, leads 
to a closed spherical shell (i.e. liposome/vesicle). Both natural and artificial 
vesicles mainly exist in three categories: small unilamellar vesicles (SUV, with 
one lipid bilayer and a diameter 20-100 nm), large unilamellar vesicles (LUV) and 
multilamellar vesicles (MLV, with multiple bilayers) with a wide range of possible 
diameters (0.1-10 m) (Fig. 1.4). Thanks to their fluidic features, biological 
membranes regulate diverse exchange processes. For instance the cytoplasmic 
membrane has a double role: while isolating the cell from the external 
environment it allows water soluble ions to enter, or can uptake/release cargo 
particles enclosed in membrane-fusing vesicles (i.e. endocytosis/exocytosis). 
Vesicles are not only composed of lipids but also contain proteins which freely 
diffuse inside the bilayer and allow interactions with other membranes. Brain 
neuronal signals, for instance, are driven by vesicles-containing-
neurotransmitters exocytosis which allow signaling between neurons. Their 
release requires a complex proteins machinery which can sense the action 
potential, dock the vesicle to the synaptic membrane, push the vesicle to fuse 
and to release its cargo17.  
 

 
Figure 1.4: From phospholipids to membranes. Schematic representing, from left to right: (i) 
phospholipids color-coded atomic structure (adapted from ref.7); (ii) phospholipids self-assembly 
into a bilayer, with the hydrophobic tails sandwiched between the hydrophilic head groups; (iii) 
closed spherical shell, or liposome. 
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1.3 Second-order biological interactions in this thesis 

In the following section the reader is introduced to few biological interactions 
relevant for the studies presented in this thesis.  
In a biological system, like a cell, intense interactions take place in its diverse 
and crowded environment. As already introduced DNA, proteins and 
membranes are involved in several of these fundamental processes. The 
schematic in Figure 1.5 relates each chapter of this thesis to the correspondent 
biological system explored.  

 
Figure 1.5: Chapters connections to the three major bio-macromolecules. See main text for 
details. Protein structure in middle panel: synaptotagmin 1 C2A-C2B, from PDB6. 
 

Here a short overview of the interactions investigated in this thesis: 

o DNA  Proteins. DNA binding proteins are the source of essential 
processes that occur inside living cells. They are at the core of constructing, 
operating and maintaining the cell. Fundamental protein-mediated DNA-
transactions include replication (DNA polymerase activity), transcription 
(RNA polymerase activity), DNA repair, and DNA compaction.  A still open 
general question is: how do DNA-binding proteins find specific sites among 
huge amounts of non-specific DNA? The most accepted theory is that these 
proteins must find their targets via 'facilitated diffusion': initial binding at a 
random DNA site via non-specific interactions and translocation to the 
specific binding site. Restricting a protein motion to the DNA reduces the 
time required to find the target sequences. On the other hand if a protein 
locates its target site only through 3D-diffusion (i.e. random collisions with 
the DNA while diffusing in solution), it has to hit the right site on the DNA 
within 0.34 nm to bind its target; a shift by this length would result in binding 
a site that is different from the native site by 1 base pair (bp). Some proteins 
can locate their target sites much more rapidly than can be accounted for 
by such collisions with the DNA molecule and facilitated diffusion is a 
process that can speed up their diffusive search. Chapter 2 gives a detailed 
overview of recent single-molecule studies on the initiation phase of the 
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transcription process. Crucial to all life processes, the flow of genetic 
information from DNA to RNA can only start after an RNA polymerase has 
found a promoter site. But how does this specific enzyme find its promoter 
sites on DNA in the first place? We reviewed recent single-molecules 
studies, which are paving the way for answering such still open questions. 
In chapter 3 is presented my experimental research on the E. coli RNA 
polymerase (RNAP) binding process and its promoter search mechanism 
along the DNA, unambiguously revealing extensive 1D-sliding. An intriguing 
implication of our quantitative analysis is that the RNAP concentration 
present in living cells is far above the facilitation threshold at which the 3D-
search mechanisms prevails over 1D-sliding. This result suggests that RNAP 
diffusion along the DNA might assist the promoters search process also in 
vivo. 

o DNA  Proteins  Proteins. Proteins-proteins interactions are essential to 
almost every process in a cell. For instance, in the formation of molecular 
machines, or in the assembly of viruses. Viruses and virus-like particles 
(VLPs) have been demonstrated to be safe gene and drug delivery systems as 
well as model systems for the understanding of natural viruses. One of the 
main, yet unsolved, key steps in physical virology and in the development of 
VLPs, is the full understanding of viral self-assembly. This is a highly 
cooperative supramolecular process between the viral coat proteins and the 
nucleic acid molecule which leads to capsid formation and ensures genome 
protection. The self-assembly mechanism represents a critical step in the 
formation of natural as well as artificial viruses and tuning of this process 
would allow for detailed control on their size and shape. A lack of high 
temporal and spatial resolution experimental techniques has prevented the 
observations of intermediates states which characterize the complex 
assembly pathway of viruses. In chapter 4 we present a powerful 
combination of single-molecule techniques aimed to investigate in vitro the 
assembly dynamics of an artificial VLP. Single artificial polypeptides binding 
onto a DNA molecule and interacting with each other while compacting the 
DNA are observed in real-time. We unravel fast intermediates in the particle 
self-assembly pathways which lead to a rod-shaped viral capsid containing a 
single nucleic-acid molecule.  

o Membranes  Membranes  Proteins. Natural vesicles are secreted from 
cell membranes from which they become enriched with several proteins. Due 
to their fluidic state they can be both secreted from and be taken up by a 
membrane. Processes such as vesicular transport or vesicle fusion are driven 
by membranes-proteins interactions. Due to the complexity of natural 
vesicles we perform single particle experiments using artificial liposomes. By 
selecting specific proteins we aim to unravel their role in single intermediate 
states of the fusion process. In chapter 5 we explore two calcium sensors 
proteins (synaptotamgmin-1 and Doc2b) involved in the sophisticated 
machinery that controls neurotransmitters release. Our findings show that 
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their role in initiating fusion involves different mechanisms. Moreover we 
find that the presence of cholesterol in the lipids composition increases the 
proteins efficiency in remodeling membranes. Finally we quantify how the 
synaptotagmin-1 insertion into the membrane drastically decreases its 
bending modulus, another effect that contributes to lower the fusion 
energetics. In chapter 7 is presented a preliminary study of a different and, 
yet fundamental, membrane interaction mechanism mediated by proteins: 
the oocyte-sperm fusion during the fertilization process.  

o Membranes  Membranes. Nanovesicles are currently used as nanocarriers 
in drug delivery. Characteristic properties of these vesicles can be tuned by 
changing their degree of lamellarity and it has been suggested that small 
multilamellar vesicles (sMLV) can have important benefits over small 
unilamellar vesicles (SUVs). The mechanical properties of vesicles is an 
important factor for interaction with cells and hence for drug delivery. In the 
study presented in chapter 6 we show that AFM can be used to determine 
the lamellarity of single vesicles and we contribute to the understanding of 
the physical properties of multilamellar vesicles. The mechanical properties 
found suggest that MLVs could be potentially beneficial for drug delivery 
applications. 

 

1.4 Why and how to catch single molecules 

Complex biological processes take place in a nanoscale world (Fig. 1.1) where the 
energy landscape peaks just above the thermal bath. Therefore the key players 
of this nanoworld behave stochastically. Observing the stochastic behavior of 
one molecule at a time avoids problems associated with ensemble averaging and 
allows direct observation of transient intermediates states and rare events: this 
is one of the main reason why single-molecule methods are so attractive and 
powerful in molecular biophysics. In this section the experimental tools that 
made possible to catch single molecules, for the studies presented in this thesis, 
are briefly introduced. 
 

1.4.1 Optical tweezers combined with confocal fluorescence 

microscopy 

The main instrument used in this thesis is a multimodal approach which 
combines: (i) optical tweezers, to control the conformation and tension on single 
DNA molecules (and liposomes); (ii) beam-scanning confocal fluorescence 
microscopy, to image proteins (and lipids) dynamics in a background of 
fluorescently labeled molecules; (iii) a multichannel microfluidic flow cell 
inserted into the microscope which allows rapid buffers exchange.  
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How can we trap such small objects? First, the question is: how do we generate 
such a trap? An optical trap is formed by tightly focusing a Gaussian laser beam 
with a microscope objective. Optical trapping is possible because of a general 
physical principle: light carries both linear and angular momentum and thus can 
exert forces and torques on matter. A bead (i) with a refractive index higher than 
that of the surrounding medium and (ii) larger in size than the laser wavelength, 
acts as a lens: refracting the rays of light and redirecting the momentum of their 
photons18. The trap results from the balance between two optical forces arising 
from the reflection and refraction of light: the scattering force, which push the 
object along the direction of the light propagation, and the gradient force, which 
pulls objects along the spatial gradient of the light intensity19. The laser focus 
functions as a trap because the strong light gradients in its neighborhood all 
point towards the center, moving the trapped object to the position with the 
highest light intensity. Any external force can be measured from the change in 
position of the bead (respect to the center), as the corresponding deflection of 
the trapping beam changes. By recording a power spectrum of the bead 
displacement fluctuations, driven by thermal motion, the trap stiffness (hence 
the force) is calibrated. Optical tweezers (OT) can typically achieve a nanometer 
spatial resolution, a piconewton force resolution, and a millisecond time 
resolution, which make them excellently suited to study single-molecule 
processes20. In this thesis a dual-trap optical tweezers allows to manipulate 
single DNA molecules tethered between two optically trapped beads or to 
control membrane-coated beads interaction, in the presence of proteins in 
solution (Fig. 1.6, upper panel). A multichannel microfluidic flow cell, inserted 
into the microscope, allows local rapid buffers exchange, which in turns permits 
to build up in situ DNA tethers and to observe interactions in real-time.  
The combination of OT with confocal fluorescence microscopy improves our 
experimental output by providing info on local binding, activity and motility of 
biomolecules on DNA at relative high concentrations of labeled proteins in 
solution21. Confocal fluorescence microscopy, in contrast to wide-field 
microscopy, does not excite all parts of the specimen at the same time, but uses 
a point illumination to focus the excitation, and detects photons by using point 
detector, sending light through a pinhole. The pinhole in front of the detector 
leads to spatial filtering that reduces the of out-of-focus fluorescence 
background, resulting in a higher spatial resolution and contrast.  
 

1.4.2 Acoustic Force Spectroscopy  

Acoustic force spectroscopy (AFS) is a newly developed single-molecule 
manipulation method22. AFS produces acoustic resonant-standing waves 
through an oscillating voltage applied to a piezo element. The acoustic-wave 
generating piezo plate is attached to the upper side of a flow cell chamber, which 
contains the studied sample. The resulting acoustic pressure gradient inside the 
flow cell drives objects (microspheres/beads) towards the closest acoustic 
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node. By tuning the voltage applied, a controlled and stable force is sensed by 
multiple beads in parallel. Each bead position is determined in three dimensions 
thanks to a tracking software, from which the force calibration can be derived 
(as a Lorentzian fit of the beads fluctuations derived power spectrum). In this 
thesis AFS is employed to manipulate single DNA molecules tethered between 
the flow cell surface and a bead, and to monitor the effects of proteins binding 
and compacting the DNA (schematic in Fig. 1.6, middle panel).  
 

1.4.3 Atomic Force Microscopy     

Atomic force microscopy (AFM) allows to investigate nano-mechanical 
properties of individual molecules and particles under near-to physiological 
conditions. One of the key strengths of AFM is that it allows for imaging as well 
as manipulation of biological samples23,24. The main component of an AFM is a 
cantilever with a microfabricated tip at its end, on which is focused a laser beam 
(schematic in Fig. 1.6, lower panel). Through a piezoactuator the tip is scanned 
over the sample. This tip-sample interaction induces deflections of the 
cantilever which are detected and translated into z-displacements by a 
quadrant photodiode (with nanometer resolution in fluid). The resulting output 
is a topographic image of the sample covered-surface. In order to reduce lateral 
forces and to apply a controlled force on soft biological samples we employ the 
AFM ‘Peak Force Tapping Mode’. In this configuration the cantilever is oscillated 
at a much lower frequency than its resonance frequency. Each contact point 
corresponds to a force-distance curve (FDC) used as a feedback mechanism for 
the z-piezo according to the set force. FDCs are as well used to probe the sample 
mechanical properties by showing how the force changes during the approach-
and-retract indentation cycle. The FDCs analysis reveals important mechanical 
properties (e.g. stiffness, Young’s modulus and bending modulus) of the 
indented particle. In this thesis AFM is used as an imaging tool to observe the 
VLP assembly in the long-time range and to study the mechanical properties of 
both liposomes coated with proteins and of multilamellar nanovesicles.  
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Figure 1.6: How to study single-molecules: the three techniques used in this thesis. Upper panel: 
schematic of optical tweezers combined with confocal fluorescence microscopy, used to trap single 
DNA molecules and visualize protein binding; or to probe membrane-membrane interactions 
mediated by proteins. Middle panel: schematic of acoustic force spectroscopy, used to trap multiple 
DNA molecules in parallel and monitor the condensation induced by bound proteins. Lower panel: 
schematic of atomic force microscopy, used for indenting single liposomes and to image assembled 
virus-like particles. 
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