VU Research Portal

DNA, proteins, membranes
Marchetti, M.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Marchetti, M. (2020). DNA, proteins, membranes: exploring the physics behind biomolecular processes. [PhDThesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl

Download date: 09. Jan. 2023

DNA, proteins, membranes:
exploring the physics behind biomolecular processes

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 1

This thesis was reviewed by:
prof.dr. Erwin Peterman

Vrije Universiteit
Amsterdam, The Netherlands

prof.dr. Gijsje Koenderink

AMOLF
Amsterdam, The Netherlands

prof.dr. Jeroen J.L.M. Cornelissen

Universiteit Twente
Twente, The Netherlands

prof.dr. Antoinette Killian

Universiteit Utrecht
Utrecht, The Netherlands

prof. David Rueda

Imperial College London
London, England

dr. Daniela J. Kraft

Universiteit Leiden
Leiden, The Netherlands

ISBN: 978-94-028-1778-2
© 2019, Margherita Marchetti. All rights reserved. No part of this thesis may be
reproduced or transmitted in any form or by any means without permission
from the author.
I gratefully acknowledge a contribution to print this thesis by: XXX
Printed by IPSKAMP Printing
A digital version of this thesis is available at www.ubvu.vu.nl.
The research in this thesis was performed in the Physics of Living Systems
section of the Department of Physics and Astronomy and LaserLaB at VU
University Amsterdam.

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 2

VRIJE UNIVERSITEIT

DNA, proteins, membranes:
exploring the physics behind biomolecular processes

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr. V. Subramaniam,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de Faculteit der Bètawetenschappen
op donderdag 16 Januari 2019 om 09.45 uur
in de aula van de universiteit,
De Boelelaan 1105

door
Margherita Marchetti
geboren te Roma, Italia

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 3

promotors:

prof.dr. W.H. Roos
prof.dr.ir. G.J.L. Wuite

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 4

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 5

Table of contents

1

1

Introduction

2

How to switch the motor on: RNA polymerase
initiation steps at the single-molecule level

17

1D-sliding assists σ70-dependent promoter
binding by E.coli RNA polymerase

39

Real-time assembly of an artificial virus-like particle
elucidated at the single-particle level

65

synaptotagmin-1 and Doc2b exhibit distinct membrane
remodeling mechanisms

97

3

4

5

6

7

Multilamellar nanovesicles show distinct mechanical
properties depending on their degree of lamellarity

127

Outlook

145

Summary

165

Publications list

171

Acknowledgments

173

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 6

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 7

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 8

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 9

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 10

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 11

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 12

1
Introduction

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 13

Introduction

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/micrometer 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.

2
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Chapter 1

1

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/micrometer 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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Introduction

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 threedimensional 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).

1

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-containingneurotransmitters 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.

1

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 DNAtransactions 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

7
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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 3Dsearch 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

8
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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.

1

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.

9
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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

10
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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

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 approachand-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.

11
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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.

12

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 24

Chapter 1
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.

Simon, H. A. The Architecture of Complexity. Proc. Am. Philos. Soc. 106, 467–482
Solomon, E. P., Berg, L. R. & Martin, D. W. Biology. (Brooks/Cole, 2011).
Mendes, A. C., Baran, E. T., Reis, R. L. & Azevedo, H. S. Self-assembly in nature: using the
principles of nature to create complex nanobiomaterials. Wiley Interdiscip. Rev.
Nanomedicine Nanobiotechnology 5, 582–612 (2013).
Amino acid - Wikipedia.
Murakami, K. S. X-ray crystal structure of Escherichia coli RNA polymerase sigma70
holoenzyme. J. Biol. Chem. 288, 9126–9134 (2013).
Fuson, K. L., Montes, M., Robert, J. J. & Sutton, R. B. Structure of human synaptotagmin 1
C2AB in the absence of Ca2+ reveals a novel domain association. Biochemistry 46, 13041–
13048 (2007).
https://www.ck12.org. Phospholipid bilayer.
Howard Hughes Medical Institute (HHMI). Virus Explorer. http://www.pbs.org (2017).
DNA - Wikipedia.
ENCODE Project Consortium, T. E. P. The ENCODE (ENCyclopedia Of DNA Elements)
Project. Science 306, 636–40 (2004).
Servier. Smart servier medical art. (2018).
WATSON, J. D. & CRICK, F. H. The structure of DNA. Cold Spring Harb. Symp. Quant. Biol.
18, 123–31 (1953).
Mandelkern, M., Elias, J. G., Eden, D. & Crothers, D. M. The dimensions of DNA in solution.
J. Mol. Biol. 152, 153–161 (1981).
Edwards, R. A. & Rohwer, F. Opinion: Viral metagenomics. Nat. Rev. Microbiol. 3, 504–510
(2005).
Suttle, C. A. Marine viruses — major players in the global ecosystem. Nat. Rev. Microbiol. 5,
801–812 (2007).
Alberts, B. et al. Molecular biology of the cell. (Garland Science, 2002).
Rizo, J. & Xu, J. The Synaptic Vesicle Release Machinery. Annu. Rev. Biophys. 44, 339–367
(2015).
Grier, D. G. A revolution in optical manipulation. Nature 424, 810–816 (2003).
Ashkin, A. Forces of a single-beam gradient laser trap on a dielectric sphere in the ray optics
regime. Biophys. J. 61, 569–582 (1992).
van Mameren, J., Wuite, G. J. L. & Heller, I. in 1–20 (Humana Press, 2011). doi:10.1007/978-161779-282-3_1
Hashemi Shabestari, M., Meijering, A. E. C., Roos, W. H., Wuite, G. J. L. & Peterman, E. J. G.
Recent Advances in Biological Single-Molecule Applications of Optical Tweezers and
Fluorescence Microscopy. Methods Enzymol. 582, 85–119 (2017).
Sitters, G. et al. Acoustic force spectroscopy. Nat. Methods 12, 47–50 (2014).
Butt, H.-J., Cappella, B. & Kappl, M. Force measurements with the atomic force microscope:
Technique, interpretation and applications. Surf. Sci. Rep. 59, 1–152 (2005).
Piontek, M. C. & Roos, W. H. in 243–258 (Humana Press, New York, NY, 2018).
doi:10.1007/978-1-4939-7271-5_13

1

13

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 25

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 26

