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Abstract

The traditional boundary between hard science (physics and mathematics) and
soft sciences (chemistry and biology) is progressively fading away as the complex-
ity inherent in the biological world is understood and mapped out thanks to a
joint attack on two fronts. On the one side more quantitative experiments allow
to investigate the details of the atomic structures of biological molecules and to
measure with greater precision the laws of interaction among different molecules;
on the other side, the massive introduction of information technology in the man-
agement and catalogation of the multitude of molecular components found inside
a cell is allowing to gain deep insights in the complex dynamic equilibrium that
regulates the network of interactions amog different molecules.

The work described in this thesis concerns the first side of the battlefield: the
development of new techniques to allow quantitative measurements of biologically
relevant quantities.

The work consisted in the design, construction and validation of three different
experiments dealing with proteins and DNA mechanics. Key components of the
cellular microcosmos, DNA and proteins are large macromolecules that constantly
interact and accomplish most of the tasks needed by the cell to survive. The
first part of the thesis summarises the known properties of these molecules and
introduces the motivations driving the designed experiments.

Proteins catalyse chemical reactions in the cell and their threedimensional
configuration gives each of them its specific function. The connections between
structural and chemical properties of a protein are a suject largely unexplored.The
second part of the thesis describes an experiment based on single molecule fluo-
rescence microscopy designed to explore the dynamics of fluctuations of catalytic
activity of a single enzyme.

The experiments described in this part have not yet given the hoped results.
However part of the preliminary considerations done when building these setup
were used to write the article F. Mosconi et al. “Some nonlinear challenges in
biology”, Nonlinearity 21 (2008) T131-T147.

DNA stores the genetic information needed by the cell to accomplish its tasks,
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and such information must be physically stored, read, written and restored in
different times during the cell cycle. The importance of a proper knowledge of
its mechanical properties is fundamental if its interaction with proteins is to be
understood. The third part of this thesis describes two different experiments
based on the magnetic tweezers micro-manipulation technique, that attempt to
measure some not yet entirely characterised mechanical properties of DNA.

The two experiments presented in this part gave interesting results. A new
determination of the biologically relevant parameter C, the twist modulus of
DNA was obtained developing a novel type of analysis to data collected using
the standard magnetic tweezers apparatus. Also, a new type of “soft” magnetic
tweezers that allows the simultaneous application of an external force and an
external torque has been developed and validated to measure the torque response
of a DNA molecule. The results described in this part of the thesis are summarised
in two papers that are ready to be submitted.



Résumé

La division traditionnelle entre sciences dures (physique et mathématique) et sci-
ences molles (chimie et biologie) devient de plus en plus faible en vue du fait que
la complexité propre du monde biologique est comprise grace a un attaque sur
deux fronts. D’un coté, des expériences plus quantitatives permettent d’étudier
les détails de la structure atomique des molécules biologiques et de mesurer avec
une grande précision les lois d’interaction entre différentes molécules; d’autre
part, I'introduction massive de 'informatique dans la gestion et la catalogation
de la multitude de composants moléculaires qui se trouvent dans la cellule, per-
mets d’obtenir une compréhension profonde du complexe équilibre dynamique
qui régule le réseau des interactions entre différent molécules.

Le travail décrit dans cette theése regarde le premier coté du champ de bataille:
le développement de nouvelles techniques qui permettent des mesures quantita-
tives de quantités d’intérét biologique.

Le travail a compris le projet, la construction et la validation de trois différents
expériences concertantes la mécanique des protéines ou de ’ADN. Composants
clefs du microcosme cellulaire, PADN et les protéines sont des grandes macro-
molecules qui interagissent continuellement et qui accomplissent la plus part des
taches nécessaires pour la vie de la cellule. La premiere partie de cette these est
un résume des propriétés connues de ces molécules et introduises les motivations
qui sont a la base des expériences effectuées.

Les protéines catalysent les réactions chimiques dans la cellule et leur config-
uration trois-dimensionnel donne a chaque protéine sa fonction spécifique. Les
connections entre les propriétés structurels et chimiques d’une protéine sont un
domaine qui reste encore a explorer en détail. La deuxieme partie de la these
décrives un expérience basée sur les techniques de microscopie de fluorescence et
de molécule unique pour explorer la dynamique des fluctuations d’activité d’un
enzyme isole.

Les expériences décrites dans cette partie n’ont pas encore donne les résultats
espérés. Cependant, une partie des considérations préliminaires a la construction
de ces expériences a été utilisée pour ’écriture de 'article F. Mosconi et al. “Some
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nonlinear challenges in biology”, Nonlinearity 21 (2008) T131-T147.

L’ADN contiens I'information génétique nécessaire a la cellule pour accomplir
toutes ses fonctions. Cette information doit étre gardé, lue, copiée t restaurée a
différents moments du cycle cellulaire. L’importance d’une connaissance détaillée
des propriétés mécaniques de PADN est fondamental si 'on veut comprendre
ses interactions avec les protéines. La troisieme partie de cette these décrives
deux différents expériences basées sur la technique des “pinces magnétiques”, qui
essayent de mesurer des propriétés mécaniques de ’ADN qui n’ont pas encore
étés completement caractérisées.

Les deux expériences présentées dans cette derniere partie ont donné des
résultats intéressants. Une nouvelle détermination du parametre d’intérét bi-
ologique C, le module de torsion de 'ADN, a été obtenue en appliquant un
nouveau type d’analyse a des données mesurées avec les “pinces magnétiques”
traditionnelles. Aussi, une nouvelle type de pinces magnétiques “douces” qui
permettent d’appliquer une force externe ainsi qu'un couple a été développé et
validée pour mesurer la réponse de ’ADN a un couple externe. Les résultats
décrits dans cette partie de la these sont résumées dans deux papiers qui sont
préts pour la soumission.



Riassunto

La tradizionale divisione tra scienze esatte (fisica e matematica) e scienze nat-
urali (chimica e biologia) sta poco a poco scomparendo grazie al fatto che la
complessita propria del mondo biologico e compresa e mappata attraverso un du-
plice attacco. Da un lato, degli esperimenti sempre piu’ quantitativi permettono
di studiare i dettagli della struttura atomica di molecole biologiche e di mis-
urare con grande precisione le leggi d’interazione tra diverse molecole; dall’altro,
I'introduzione massiva dell’informatica nella gestione e catalogazione della molti-
tudine di componenti molecolari che si trovano all’interno della cellula, permette
d’ottenere una comprensione piu’ profonda del complesso equilibrio dinamico che
regola la rete delle interazioni tra diverse molecole.

Il lavoro descritto in questa tesi riguarda il primo fronte del campo di battaglia:
lo sviluppo di nouve tecniche che permettono di compiere misure quantitative di
parametri di interesse biologico.

Il lavoro ha compreso la progettazione, la costruzione e la validazione di tre
diversi esperimenti volti allo studio della meccanica delle proteine o del DNA.
Componenti chiave del microcosmo cellulare, DNA e proteine sono delle grandi
macro-molecole che interagiscono continuamente, svolgendo la maggior parte dei
compiti necessari alla sopravvivenza della cellula. La prima parte di questa tesi
riassume le proprieta note di queste molecole e introduce le motivazioni alla base
degli esperimenti svolti.

Le proteine svolgono il ruolo di catalizzatori delle reazioni chimiche all’interno
della cellula e la loro conformazione tridimensionale determina la funzione speci-
fica di ciascuna di esse. I legami tra proprieta strutturali e chimiche di una
proteina sono un argomento ancora largamente inesplorato. La seconda parte
della tesi descrive un esperimento basato sulle tecniche di microscopia di fluo-
rescenza e di “molecola unica” volto a esplorare la dinamica delle fluttuazioni
d’attivita di un enzyma isolato.

Gli esperimenti descritti in questa parte non anno ancora dato i risultati
sperati. Ciononostante, una parte delle considerazioni preliminari alla costruzione
di questi esperimenti é stata utilizzata per scrivere ’articolo F. Mosconi et al.
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“Some nonlinear challenges in biology”, Nonlinearity 21 (2008) T131-T147.

Il DNA contiene l'informazione genetica necessaria alla cellula per svolgere
tutte le sue funzioni. Quest’informazione dev’essere custodita, letta, copiata e
riparata in diversi momenti del ciclo cellulare. L’importanza di una conoscenza
dettagliata delle proprieta meccaniche del DNA ¢ fondamentale se si vuol com-
prendere la sua interazione con le proteine. La terza parte di questa tesi descrive
due diversi esperimenti basati sulla tecnica delle “pinzette magnetiche” volti a
misurare alcune proprieta meccaniche del DNA che non sono ancora state com-
pletamente caratterizzate.

I due esperimenti presentati in quest’ultima parte han portato dei risultati
interessanti. Si €’ infatti ottenuta una nuova misura del parametro di interesse
biologico C, il modulo di torsione del DNA, applicando un nuovo tipo di analisi
a dei dati misurati con le “pinzette magnetiche” tradizionali. Inoltre, & stato
sviluppato e validato un nuovo tipo di pinze magnetiche “dolci”, che permettono
di applicare una forza esterna contemporaneamente all’applicazione di un mo-
mento torcente. Con questo strumento si e stato possibile misurare la risposta
del DNA a un momento torcente imposto dall’esterno. I risultati descritti in
questa parte della tesi sono riassunti in due articoli che saranno presto inviati.
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Chapter 1

Fluctuations

Ma poiché quel che é distrutto, patisce; e quel che
distrugge, non gode, e a poco andare é distrutto
medesimamente; dimmi quello che nessun filosofo
mi sa dire: a chi piace o a chi giova cotesta vita
infelicissima dell’universo, conservata con danno e
con morte di tutte le cose che lo compongono?

— G. LEOPARDI
Dialogo della Natura e di un Islandese (1824)

1.1 Introduction

All living organisms are made of cells. From simple unicellular organisms like
bacteria, to complex organisms like ourselves, the cell is the basic subunit and
understanding its functioning is key to understanding life. From a physical and
chemical point of view, cells are nothing more than a droplet of water full of
chemicals, bounded by a thin layer of fat. Despite the apparent simplicity, cells
are capable of an incredible variety of complex tasks. They can move, divide, re-
produce, differentiate, evolve and they can interact with the surrounding environ-
ment, processing information and synthesising chemical responses or mechanical
reactions. How this is possible is one of the most fascinating subjects of biology.

Biology is essentially an experimental science, whose goal is to understand
the engineering principles selected by evolution in the design of the great variety
of organisms that are presently known. At all levels (from molecules to cells,
from organisms to populations) the interactions between the various players are

5
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strongly non-linear and usually saturate at sufficiently high concentrations (of
molecules or cells). Molecular interactions occur at a microscopic level where
Brownian fluctuations and thermally activated processes are often a key factor
in the function of the system studied. Biological machines differ from man-made
machines in that they are optimized to work in a very noisy environment. Be-
cause of this, bio-molecular processes are (extrinsically) stochastic and should be
described within the framework of stochastic differential equations or via Fokker-
Planck equations for the evolution of the probability density of given observables.

1.1.1 Extrinsic and intrinsic noise

Another fundamental element that characterises biological processes at all levels
is the intrinsic discreteness of their players: the number of bio-molecules of a
given type in a cell is often very small. For micron size bacteria such as E.coli,
pH=7 may mean less than 100 H™ ions per bacteria. These ions however diffuse
very rapidly in and out of the cell, so that on the time scale of enzymatic reactions
(ms) their average is well defined. It is not so for larger molecules which do not
diffuse in and out of the cell, in particular DNA, mRNA and proteins. For exam-
ple in bacteria the number of mRNA coding for a given protein is often less than
1 per generation [13] and less than 20 DNA-polymerase molecules are responsi-
ble for replication [19]! Besides this, large macromolecules can assume different
conformations, and thus change biochemical properties. These two facts intro-
duce an extra (intrinsic) level of stochasticity, and they may also qualitatively
alter the behaviour of the system: as pointed out by S.Solomon [84], the outcome
of differential equations can be radically different if the underlying variables are
discrete or continuous.

1.1.2 Fluctuation dissipation theorem

Intuition that fluctuations and dissipation are intimately linked can be traced
back to Maxwell, Clausius and Boltzmann [17]. They began understanding that
relaxation phenomena, essentially described by diffusion coefficients and linked
to dissipation, and transport coefficients such as viscosity, describing steady state
non equilibrium flow, could be connected to the same molecular-scale properties
(mean free path) in the framework of the kinetic theory of gases. The famous
paper by Einstein in 1905 [34] and later on the theory of linear response and the
mathematical formulation of the fluctuation-dissipation theorem (see [40] and
references therein) showed that the near-equilibrium behaviour of a system could
be predicted from the study of its reversible fluctuations in thermal equilibrium.
Conversely, if both dissipation and equilibrium fluctuations can be experimentally
measured, violation of the fluctuation-dissipation theorem can be observed if the
linear-response hypothesis is not valid, as is often the case in biology. Microrhe-
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ology on active gels [98] clearly showed that the fluctuation-dissipation theorem
was violated when ATP, and thus chemical energy, was consumed. Biology thus
provides a very interesting playground for the physicist interested in non-linear
stochastic systems.

1.2 Observation of fluctuations: single molecule experi-
ments

Biology and Biochemistry often use optical microscopes and ensemble measure-
ments to characterize the systems studied. An optical microscope cannot resolve
individual atoms and molecules, since they are smaller than the diffraction limit
of visible light. X-ray crystallography or electron microscopy provide the neces-
sary spatial resolution, at the price of observing the biological sample in state
very different from the physiological state. For example, electron microscopy re-
quires freezing or coating with metals, and it does not allow the observation of
biologically active samples. On the other hand, fluorescence allows to reveal the
presence of isolated molecules and follow their movement.

If we are interested in studying the stochastic fluctuations in a biological
system and their connection to non-equilibrium response, we need to track fluc-
tuations and be able to perturb the system in a controlled way, to observe its
response. The opportunity to do this is offered by Single Molecule (SM) tech-
niques [21]. Developed in the last twenty years, they allow the direct and indirect
observation of biologically active single molecules in real time in their natural
environment. Besides this, the miniaturisation of manipulation tools allows to
interact directly with single biological molecules, through the application of a
mechanical stress (force or torque).

1.2.1 Fluctuations, time average and ensemble average

Thermodynamics describes the average behaviour of a large ensemble of molecules
by simple laws involving few macroscopic parameters. The behaviour of individ-
ual molecules is averaged over the population, which erases the presence of static
disorder, i.e. the possibility that not all the molecules in the population behave in
the same way. This is particularly true for large macromolecules, such as enzymes,
where the chemical behaviour is intimately linked to the three-dimensional struc-
ture. For example, consider an enzyme with more than one biologically active
configuration, each with its own catalytic rate. A bulk measurement of catalytic
activity on a mixed population will yield an average activity and will not contain
any information about the presence of different configurations. The possibility
to measure the activity of a single enzyme and then to repeat the experimental
over a large number of identical molecules, provides more information than the
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ensemble measurement because the whole distribution of states, and not just the
average, can be experimentally reconstructed.

Bulk measurements also imply averaging over time and lack of synchronicity.
In this case, dynamic changes of behaviour (dynamic disorder) are hidden to the
observer. Coming back to the enzyme example, the activity of a single enzyme
could change over time, as a consequence of conformational fluctuations and
interaction with the surrounding environment. Changes with time would be
averaged, unless a high enough time resolution was obtained for the experimental
observation. Even in this case, synchronisation across the population would be
required to observe dynamic disorder in a bulk experiment.

SM techniques give access to realtime observation of individual molecules and
they provide more information than bulk experiments. They open up the possibil-
ity of completely new observations, because of their power to resolve fluctuations
in individual molecules.

1.2.2 Pulling, twisting and tracking

SM techniques [99, 80] allow both the observation and the interaction in real-time
of isolated molecules. This is usually achieved through the coupling of a probe to
the molecule. The probe is visualised in a microscope, and it reports about the
behaviour of the observed molecule. For example, quantum dots are fluorescent
nano-crystals about 20 nm in size. These fluorescent probes can be coupled to
single enzymes whose motion can then be followed with a standard fluorescence
microscope [100, 28].

Manipulation experiments require a microscopic handle to apply a controlled
stress to an individual molecule. For example, single DNA manipulation is
achieved by attaching the extremities of the DNA filament to micron-size beads
which will serve both as position probes and as handles. The interest of micro-
manipulation of biological molecules is evident if one considers that many proteins
are motors that produce mechanical work. The whole process of DNA replica-
tion, for example, is achieved by proteins that move directionally along the DNA
chain. In this context, notions like speed, force, torque, mechanical work and ef-
ficiency become the relevant quantities to describe the behaviour of such motors.
Also, the static mechanical properties of biological molecules, such as resistance
to a pulling force, can be studied as a preliminary step in understanding their
interaction with one another.

In this thesis both real time tracking and manipulation techniques have been
implemented in new experiments targeted at answering the problems proposed

in section 1.3.
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1.3 Open problems

1.3.1 Protein structure and function

Protein structures are thought to be determined by the minimisation of free en-
ergy in the landscape of all the possible configurations of the poly-peptidic chain.
In the classical picture [3, 2] the energy landscape is smooth and it has a unique
minimum, the native state, which is both stable against thermal fluctuations and
kinetically accessible to allow for a fast folding. Furthermore, this state is sup-
posed to have a well defined kinetic rate, its interaction with a substrate described
by Michaelis-Menten (MM) dynamics. Soon after its formulation, the classical
picture was questioned by experiments on myoglobin conducted by Frauenfelder
and colleagues [6]. They suggested [39] that the protein energy landscape could
resemble that of glassy materials, presenting many local minima separated by
energy barriers of different heights. The local minima would correspond to dif-
ferent three-dimensional conformations assumed by the protein. With the de-
velopment of high resolution experimental techniques like X-ray crystallography,
cryo-electron microscopy and nuclear magnetic resonance, evidence accumulated
to support the idea that the same protein could assume different conformations.
Only quite recently, though, the dynamics of hopping between states started to
be assessed (see [50] for a recent account of progress on the subject).

Recent single molecule studies, in fact, opened a window on a previously
unexplored area allowing to follow the fluctuations in catalytic activity of an iso-
lated protein for long time. In such experiments [35, 31, 37] the catalytic rate
of a single enzyme was monitored with the use of appropriate substrates which
turned into fluorescent products upon catalysis by the enzyme. Both static and
dynamic disorder were observed when repeating the experiment on enzymes of
identical sequence, and the cause for these has yet to be clearly identified. It
is not clear whether activity fluctuations are related to structural fluctuation
and how the different time scales that appear in the time correlation of activity
are to be interpreted. One way to investigate these questions is to study the
dynamics of the protein structural fluctuations (using techniques such as single
molecule fluorescence energy transfer [28]), in order to distinguish between ther-
mal fluctuations about a well defined state and fluctuations exhibiting long-term
correlation effects. In a recent paper [47], the authors used this technique to asses
the dynamics of conformational changes of the enzyme Adenylate Kinase and the
influence of substrate interaction. Also, recent numerical simulations [51, 52]
seem to support the picture of a large range of timescales in the dynamics of

enzyme conformational changes.
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1.3.2 Measurement of torque in biological samples

The SM techniques developed in the past 15 years focused on measuring mechan-
ical forces in biological samples. Force spectroscopy of biological molecules has
now become a standard technique and the mechanical response of DNA, proteins
and even cells has been extensively investigated [20]. This approach provided an
invaluable amount of information on how biological molecules react to external
forces, and gave insights on molecular devices that had not been studied before.
Inside cells, motor proteins exist that do mechanical work to perform their task
and a lot of effort has been addressed to studying their properties in detail.

Despite the many successes of force spectroscopy, the response to mechanical
torque has been less investigated due to the lack of techniques that could measure
it. Nevertheless, even at the level of single macromolecules, like DNA and pro-
teins, torque is thought to play an important role in different biologically relevant
processes. For example, proteins apply torques on DNA during cellular processes
such as replication and transcription [103], DNA compaction [70], chromosomal
condensation [56]. SM micromanipulation techniques have been successfully em-
ployed to study the behaviour of torsionally constrained DNA in great detail [88],
[89], [59] and to investigate its interaction with torque sensitive enzymes such as
topoisomerases [90] and helicases [62].

1.4 Proteins

1.4.1 Function of Proteins

Proteins are large macromolecules formed by a long polymeric chain, whose sub-
units are called amino-acids. Proteins are synthesised inside the cell to perform a
particular function, and are destroyed when they are unnecessary or misfunction-
ing. Many proteins are in fact enzymes, that catalyse a chemical reaction allowing
it to happen in conditions where it would normally take exceedingly long times.
Enzymes are essential for the cell metabolism as they allow for the possibility to
tune catalysis to the needs of the cell. These nano-machines intervene at each
step of a chemical reaction so that it does not happen in uncontrolled way.

Proteins are also used for structural purposes, to give particular mechanical
properties to cells or tissues. Example of these proteins include keratin in hair
cells, actin in muscle cells or micro-tubules which form the internal scaffolding
of a cell. Proteins are also used for signalling and recognition both inside and
outside the cell, and in this case they are often found to be part of a large network
of interaction. An external stimulus can trigger the production of a protein which
is a the top of a cascade of signals which will eventually trigger a broader response
from the cell. Examples of these include antibodies in the immune response or
signalling cascades that trigger electrical signals in neurons.
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Finally there are proteins that can truly be considered as nano-motors con-
verting chemical energy into useful mechanical work. These are often involved
in complex tasks requiring mechanical motion, like active transport of vesicles or
DNA replication.

1.4.2 Protein constituents

Proteins are built from 20 standard amino-acids which, like nucleotides, share
common features. Their chemical structure includes a carbon atom, called a-
carbon, an amino group and a carboxyl group. A peptide bond is formed between
amino-acids: a double resonant covalent bond, and it is very stable. The peptide
bond confers some rigidity to the amino acid, so that subsequent a-carbons are
generally co-planar. The other dihedral angles formed by the a-carbons with
the side chains and with the S-carbon (which originally belonged to the carboxyl
group) can freely rotate, giving the chain the possibility to fold into complex
structures.

Amino-acids differ in the chemical groups attached to the a-carbon, or side
chains, which confer to each of them its specific chemical characteristics. Amino-
acids can be classified in two groups, hydrophobic and hydrophilic, which differ in
their preference for water. This broad division in two classes becomes important
when the three dimensional structure of a protein is considered.

1.4.3 Protein structure

Each protein sequence assumes a particular three-dimensional shape, which de-
termines its catalytic properties and thus its biological function. Short chains fold
into well defined motifs, the most common of which are a-helices and [3-sheets
(see figure 1.1a). These motifs are ubiquitous and can be considered to be the
building blocks with which proteins are built. These motifs are stabilised by the
formation of hydrogen bonds between adjacent residues, but hydrogen bonding
is not required for the formation of such patterns.

Secondary motifs, as they are called, are then ordered into a three-dimensional
configuration that is called the tertiary structure (see figure 1.1c). This is of-
ten of globular shape, although more complicated forms exists. Hydrophobic
amino-acids are found in the inner part of the globule, the core, while hydrophilic
residues are prevalently found on the surface. The tertiary structure is stabilised
by the formation of bonds between non-consecutive but adjacent residues. These
can be ionic bonds but also covalent bonds, such as cysteine disulphide bonds.
Also, proteins can be modified and enriched after folding with the addition of
other molecules (sugars, metal ions, co-factors) or by the modification of some
side chain. These are called post-translational modifications. The tertiary struc-
ture is also called the native state, because it is assumed to be the state in which
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proteins are biologically active.

In some cases also a quaternary structure exists, obtained by the union, or
docking, of different protein subunits, shaped to match one with the other, like
Lego building blocks. The quaternary structure is stabilised through electrostatic
interaction, facilitated by the presence of charged amino acids on the exterior of
each subunit and by the complementarity of the surface shape.

=0 O @ [
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backbone  forms a
roughly helical shape

(b) Beta sheet: the
backbone forms a zig-
zag pattern, and hydro-

(¢c) Tertiary structure of a pro-
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and hydrogen bonds
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adjacent turns
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next.

, highlighting the secondary struc-
tures (mainly helices in this case).
The semi-transparent cloud repre-

sents the outer surface of the pro-
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Figure 1.1: Secondary and tertiary structures of a protein

As we stated in section 1.4.1, many proteins are enzymes, i.e. they catal-
yse a chemical reaction, lowering the energy barrier for activation. The three-
dimensional structure of proteins is precisely shaped in order to be particularly
adapted to this task. Catalysis is obtained by the interaction of the molecule
with a particular region of the protein, called the active site (see figure 1.2. This
region has often the shape of a pocket, into which the reactants fit nicely, like a
key in a keyhole. Once bound in the active site, reactants find themselves very
close in space. This reduces the activation energy for the chemical reaction to
happen. The active site is thus the very important region that uniquely defines
the chemical role of an enzyme.

1.4.4 Protein folding and native state

The process of protein folding[8] from the primary amino-acid sequence to the 3D
native state is not fully understood. Already in 1968 C. Levinthal [60] pointed
out that the number of degrees of freedom present in a protein chain is such
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Figure 1.2: Close-up view of the heme co-factor contained in the active site pocket
of HRP: the tertiary structure forms a channel that leads directly to the heme
allowing subtrates to easily access it.

that, had the folding process been an extensive random search of all possible
configurations, it would last longer than the age of the universe to fold a single
protein. How proteins fold, and how they manage to find the correct shape in
matters of micro-seconds is one of the most debated problems of the last 30 years.
It has been suggested that secondary motifs are formed first and then tertiary
structure is composed. Some studies suggest that the protein chain quickly forms
a pre-fold which is topologically very similar to the folded structure, and then
it adjusts the details. A particular proposal is found in [53] where the authors
suggest that the energy landscape is pre-sculpted by geometrical considerations
and all the protein sequence has to do is chose in a menu of pre-folds which is
much smaller than the ensemble of all possible combinations given by a random
chain.

Whatever the precise mechanism of folding is, the traditional assumption
is that this process drives the protein to a unique stable native state. This
conjecture, is traditionally taken as a postulate and goes under the name of
Anfinsen’s Dogma [3, 2]. It implies that the free energy minimum is unique,
stable and kinetically accessible. Uniqueness implies that there are no other
stable ground states in the free energy landscape explored by the protein during
folding. Stability means that thermal fluctuations cannot unfold the protein,
so that it can continue to perform its biological function even in the noisy cell
environment. Accessibility is necessary to explain the rapidity of folding, in fact
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the native configuration is assumed to be easily reachable from the unfolded
configuration

This rather static picture is at odd with the immense number of degrees of
freedom of the poly-peptide chain, and it is precisely this oddness that inspired
some of the considerations that lead to the experiment detailed in chapter 3.

1.5 DNA

This section and the following one are intended to serve as reference for the biolog-
ical concepts used in this manuscript. The main reference for all the information

reported in the following sections is [1].

1.5.1 Nucleic Acids

The information needed by the cell to perform all its tasks is stored in nucleic
acids. Nucleic acids are long polymers formed by a sequence of repeated subunits,
whose pattern forms the basic code for information storage and transfer in the
cellular world. The repeated subunits are called nucleotides: organic molecules
composed of a sugar, a phosphate group and a nucleotide base. The sugar moleu-
cule, ribose or deoxyribose (for RNA and DNA respectively) and the phosphate
groups are united by a phosphodiester bond and form the backbone chain. Nu-
cleotide bases exist in four varieties called, Adenine (A), Guanine (G), Cytosine
(C), Thymine (T) (or Uracil (U) in RNA): four ”chemical letters” that constitute
the alphabet of our genetic code.

DNA is formed by two complementary strands wrapped around each other
in helical fashion. Since its discovery by Watson and Crick in 1953, its chem-
ical composition and its physical properties have been extensively studied and
characterised. This macro-molecule is very stable to the perturbations of the
environment, and it is not astonishing that it has been selected for the purpose
of information storage.

RNA is commonly found as a single chain poly-nucleotide. Its backbone is
very flexible and it can bend and wrap in very intricate manners. RNA is assumed
to have appeared first in the history of life because it can both store information
in its sequence of bases and it can perform catalysis (the RNA in ribosomes is the
catalyser of proteins syntesis). This dual property provides a feedback mechanism
to drive evolution, even in the absence of cells. In principle, an RNA world is
possible in which RNA molecules fold to a form which catalyses the formation of
new RNA molecules with the same sequence and so on.

In most organisms RNA performs intermediate tasks between the informa-
tion storage task (which is commonly assigned to DNA) and the catalysis task
(which is commonly assigned to proteins). RNA is used as messenger that carries
the information to code for the generation of a protein. RNA is also used as
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Figure 1.3: A: Flattened primary structure of DNA: DNA is composed by two
antiparallel strands. Each strand is made of a chain of nucleotides linked by
phosphodiester bonds. Each nucleotide is formed by a base (green), a sugar
(blue), and a phosphate (purple). Bases are paired by hydrogen bonds (red
dotted lines). The geometry of some bonds was modified for reasons of clarity.
The strand sequence is conventionally read from the 5’ to the 3’ end. B: The
two backbones made of sugars and phosphates wrap around each other forming
a double helix. (Figure adapted from [61])

transporter for protein subunits (amino acids) during protein synthesis and it is
a major constituents of ribosomes, which are the machines that carry out protein
synthesis.

1.5.2 Function of DNA

The main function of DNA is to store the information necessary for all the tasks
performed by a cell. Its enhanced stability with respect to RNA offers a selective
advantage that most likely tilted the choice of evolution in its favour. In fact,
the absence of a single hydroxyl group in the backbone sugars confers additional
rigidity to the its chain. Furthermore, DNA is normally found in a double heli-
cal pair of complementary strands. This configuration is more reliable because
random damages to one strand can be repaired using the complementary strand
as a template. Also it provides a simple mean of duplicating the whole genetic
repository, as required by cellular division (mitosis). During replication two new
double helices are synthesised starting from each separated single strand.
Despite the huge effort of genome sequencing projects in the past 30 years,
our comprehension of the genetic code is not complete. Coding sequences and
regulatory sequences total 10% of the human genome. The rest is formed by
repeated sequences, transposons, and sequences not yet understood. Table 1.5.2
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summarises the information content of the human genome. The parallel with
informatics can be made considering that four bases can be described with 2 bits
of information, and thus a byte (= 8bits) can be used to uniquely identify a
sequence of four bases.

Genome 3.2 x 10Y bases | 760 Mbytes
Unique sequences 10%bases 240 Mbytes
Coding + regulatory | 320 x 10%bases | 76 Mbytes
Coding sequences 160 x 10%bases | 38 Mbytes

Table 1.1: Human genome

1.5.3 Constituents of DNA

The two strands forming DNA are united by weak selective bonds, that form
between conjugate pairs of bases: A can only form a pair with T and C only
with G. These kind of pairings are called Watson-Crick pairings. They imply
the formation of two (A-T) or three (C-G) hydrogen bonds between the outer
edges of the base-pairs. When they discovered this mechanism of selective base
pairing, Watson and Crick immediately understood that it provided a perfect
way to preserve the genetic information from external damage and to copy it
during cell division. In fact, although the two strands do not contain exactly
the same sequence (they are complementary), they do contain exactly the same
information. This enhances the robustness of the storage process: information
transfer in a noisy environment cannot rely on coherence (contrary to analog
communication) and thus content of a message has to be decoupled from the
sources of noise, very much like digital signalling. DNA is perfectly apt to achieve
this task. In fact, the relevant energy scale for biology is set by the thermal
energy E = kpT = 4.1 x 10721J. The typical energy of a covalent bond ranges
between 150kpT and 400kpT. Phosphodiester bonds formed between phosphate
and sugars are thus very stable compared with the thermal energy. On the
other hand the energy of a single hydrogen bond is around 3 — 5kg7T and thus
Watson Crick base pairing is not energetically sufficient to guarantee the thermal
stability of the double stranded DNA molecule. Stability is achieved through
the cooperative action of other bonds: hydrogen bonds form between a base
and the adjacent ones along the same strand (stacking interaction) conferring
enhanced stability to each strand. Furthermore, the helical structure contributes
to mechanically prevent the conjugated bases from separating and hydrophobic
effect also conspire to keep the nucleotide bases hidden from solvent in the centre
of the chain.
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Figure 1.4: B DNA

1.5.4 DNA structure

The structure described in detail in the previous section is that of B-DNA. This is
the form assumed by DNA in water solution under physiological conditions and it
is also the form adopted by DNA inside cells in normal conditions (except during
replication and division). In this form DNA is a long polymer of 2nm diameter,
completing a helical turn every 10.4 base-pairs corresponding to a helical pitch
of 3.6 nm and to 3.44 per base-pair. In what follows we will often express the
length of a DNA molecule in number of base pairs or more frequently in kbp.
The conversion from kbp to metres is obtained multiplying the length of DNA in
kbp times the height of a single base (0.34nm).

B-DNA is not the only form found in nature. Under particular conditions
DNA can assume different forms, which have also been observed in X ray crys-
tallography. These forms can depend on external conditions, such as hydration
or salinity. They can be induced by the cell during particular phases of the cell
cycle (for example during division DNA is compacted into chromosomes) or can
be locally favoured by base pairs sequence. The last point, which still has to
be investigated in greater detail, could provide a way to recognise particular se-
quence motifs from DNA structure, without actually reading the sequence, and
could be a mechanism to help proteins to find their target sequence.

In condition of low humidity, DNA is found in A-DNA form. This is still a
right double helix, but its diameter is larger and basepairs are tilted with respect
to the B form. The Z form is found in high salt conditions or in presence of
alcohol. It is a left handed helix in which phosphate backbones are turned in
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the opposite sense. Finally P-DNA exists, in which the two strands are close to
the centre of the helix, base interactions are disrupted and bases are exposed to
solvent. This form has been found to be adopted in single molecule experiments
when positive torsion is added together with a strong pulling force [63].

1.5.5 Polymer picture

All of the experiments detailed in this thesis will consider a coarse grained de-
scription of DNA. The mechanical stability of DNA in its normal configuration
confer it a particular rigidity, which allows to coarse grain the base-pair structure
to a large extent. In fact, due to its rigidity, the relevant length scale to describe
the behaviour of DNA in solution at room temperature is set by the bending
persistence length A = 50nm or 150bp. This is the relevant length scale to de-
scribe bending fluctuations of DNA. DNA in solution behaves like a semi-flexible
polymer: thermal fluctuations of its structure will be negligible at length-scales
lower than the persistence length, while they will become important to describe
DNA conformation at larger length-scale.

Polymer physics predicts an order of magnitude for the radius of gyration
occupied by a random polymer: Rg = V2LA, where L is the contour length of
the polymer and A the persistence length. This means, for example, that the
genome of the E. Coli bacteria (5bMb = 1.7mm) would occupy a sphere of radius
Rg =~ 13um, while the typical size of E. Coli is 1um!
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This part is dedicated to the experiments conducted in the years 2005 and
2006, which focused on the relationship between protein structure and function.
As introduced in section 1.3.1, the static picture of proteins has been increasingly
challenged both a theoretical and an experimental point of view. Following the
first pioneristic experiments conducted by Lu et al. [64] and by Edman et al.
[31] on HRP, the idea of repeating the experimence in the presence of an external
force, became increasingly tempting.

Adding an external tunable force to the experimental observation of protein
activity in real time seemed an important step in the exploration of the links
between structure deformations and changes in catalitic activity. The project
was conducted in collaboration with two computational groups (IBPC, Paris and
University of Padova, Italy) who were interested in formulating models for the
description of protein structural changes in the presence of force.

This ambitious project did not go to a good end because of many reasons,
probably the most importan being the little previous expermental experience with
the subtleties of fluorescence microscopy of our group. Nevertheless, the amount
of knowledge accumulated is worth being written for the future students not to
repeat the same mistakes.

Chapter 2 is dedicated to the description of the problem, previous results and
framing of the proposed experiments. Chapter 3 will review standard techniques
in flurescence single molecule microscopy and chapter 4 will be dedicated to the
description of the setups developed to address the problem.
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Abstract

Driven by a deluge of data, biology is undergoing a transition to a more
quantitative science. Making sense of the data, building new models, asking the
right questions and designing smart experiments to answer them are becoming
ever more relevant. In this endeavour, nonlinear approaches can play a
fundamental role. The biochemical reactions that underlie life are very often
nonlinear. The functional features exhibited by biological systems at all levels
(from the activity of an enzyme to the organization of a colony of ants, via the
development of an organism or a functional module like the one responsible for
chemotaxis in bacteria) are dynamically robust. They are often unaffected by
order of magnitude variations in the dynamical parameters, in the number or
concentrations of actors (molecules, cells, organisms) or external inputs (food,
temperature, pH, etc). This type of structural robustness is also a common
feature of nonlinear systems, exemplified by the fundamental role played by
dynamical fixed points and attractors and by the use of generic equations
(logistic map, Fisher—Kolmogorov equation, the Stefan problem, etc.) in the
study of a plethora of nonlinear phenomena. However, biological systems differ
from these examples in two important ways: the intrinsic stochasticity arising
from the often very small number of actors and the role played by evolution. On
an evolutionary time scale, nothing in biology is frozen. The systems observed
today have evolved from solutions adopted in the past and they will have to
adapt in response to future conditions. The evolvability of biological system
uniquely characterizes them and is central to biology. As the great biologist
T Dobzhansky once wrote: ‘nothing in biology makes sense except in the light
of evolution’.
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1. Introduction

Biology is essentially an experimental science, whose goal is to understand the engineering
principles selected by evolution in the design of the great variety of organisms that are presently
known. At all levels (from molecules to cells, from organisms to populations) the interactions
between the various players are strongly nonlinear and usually saturate at sufficiently high
concentrations (of molecules or cells). Molecular interactions occur at a microscopic level
where Brownian motion and thermally activated processes are often a key factor in the function
of the system studied (e.g. molecular motors). As a result all bio-molecular processes are
(extrinsically) stochastic and should ideally be described within the framework of stochastic
differential equations or via Fokker—Planck equations for the evolution of the probability
density of given observables. Another fundamental element that characterizes biological
processes at all levels is the intrinsic discreteness of its players: the number of bio-molecules of
a given type in a cell is often very small. For micrometre size bacteria such as E. coli, pH = 7
may mean less than 100 H* ions per bacteria. These ions, however, diffuse very rapidly in
and out of the cell, so that on the time scale of enzymatic reactions (ms) their average is well-
defined. Itis not so for larger molecules which do not diffuse in and out of the cell, in particular
DNA, mRNA and enzymes. For example in bacteria the number of mRNA coding for a given
protein is often less than 1 per generation [1] and less than 20 DNA-polymerase molecules
are responsible for replication [2]! Besides the fact that this small number of molecules
introduces an extra (intrinsic) level of stochasticity it may also qualitatively alter the behaviour
of the system: as pointed out by Solomon [3], the outcome of differential equations can be
radically different if the underlying variables are discrete or continuous.

A fundamental and still largely unsolved problem is how biological systems can perform
their function effectively under such constraints of extrinsic and intrinsic stochasticity. Here the
contribution of nonlinear approaches could be fundamental since bifurcation theory can be used
to predict the robust (topological) behaviour of complex dynamical systems for which we often
do not know many important parameters (rate and affinity constants, cooperativities, saturation
concentrations, etc). This weakness, however, can be turned into a strength. Indeed since
these rates can be altered—by environmental changes (temperature, nutrients, pH, salt, etc),
by different levels of protein expressions within the cell (a phenomenon known as phenotypic
variability) and by genetic mutations—often without affecting the behaviour of the organism,
a strong requirement of any modelling of biological systems is that it should be robust under
major alterations of many of the parameters entering the model. When the actors of some
regulation and metabolic networks and their topology are known (or reasonably guessed),
a quite common trend among theoretical biologists is to write the differential equations
describing their interactions and simulate them by making educated guesses of the many
dozens of parameters that often enter such models (see for example [4]). Due to their large
number of parameters and the often semi-quantitative predictions they make, it may, however,
be difficult to falsify them (the usually accepted criterion for a good theory). Moreover, even
if such models are robust to changes in their parameters and can be falsified, it is not clear that
one can learn much from such detailed modelling. Beyond the ‘forest’ of equations are there
some simple underlying principles? Extracting the ‘slow’ or relevant modes of such models
might be more illuminating. How can the system be reduced to the dynamics of these modes
only?

An answer to these questions would be particularly welcome if we are to understand the
evolution of biological systems. Indeed the trade-off between robustness and evolvability
(the possibility to adapt to new conditions) is a central theme of research in biology at all
levels of inquiry: how is evolution constrained by the choices already made? What are its
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rules, namely, can we predict how a biological/ecological system is going to evolve under a
given selection pressure? The interesting case here is presented when different responses are
possible: which one is selected? With which probability? Can we predict these probabilities?
Finally, a third fundamental issue has to do with the mechanisms of development. These are
remarkably robust to many variations (temperature, nutrients, fluctuations in gene expression
and in rate constants, etc) yet are capable of evolving. How this robustness of the developmental
pathways is achieved and how that robustness is restricting the evolutionary options presented
to the organism are fascinating and unresolved issues where innovative nonlinear modelling
and experimental approaches are required.

In the following we will sketch how the various issues of modelling, stochasticity (intrinsic
and extrinsic), robustness and evolvability have been addressed in a variety of contexts:
protein structure/function (section 2), gene expression networks (section 3), morphogenetic
pathways (section 4) and ecological systems (section 5). The interested reader is referred
to the appendices, where a detailed example for each topic is illustrated (appendix A is an
exception as it contains a very short summary of relevant concepts in molecular biology). Our
purpose is of course not to review these subjects (for that see the excellent book by Gerhart and
Kirshner [5]), but rather to ‘whet the appetite’ of our readers and convince them that there are
many unsolved fundamental problems in biology where tools from nonlinear system dynamics
could be applied with great success.

2. Proteins, biochemistry and evolution

Protein structures and functions have been extensively studied from a variety of perspectives.
Although physics and chemistry became quantitative sciences earlier than biology, at the
level of small biological molecules, such as proteins, there are still many unsolved issues,
involving stochasticity and nonlinearity, which demand further investigation both theoretically
and experimentally. For example, the definition of the ground (or native) state of a protein is
becoming more and more puzzling as new experiments explore it in detail. Not only is the
prediction of the protein structure from its primary (i.e., amino-acid) sequence still unsolved
(for a very recent account of structure prediction methods see [6]) but the mere question of the
existence of a well-defined ground state is not clear.

Protein structures are thought to be determined by the minimization of free energy in the
landscape of all possible configurations of the poly-peptidic chain. In the classical picture [7,8]
the energy landscape is smooth and it has a unique minimum, the native state, which is
both stable against thermal fluctuations and kinetically accessible to allow for a fast folding.
Furthermore, this state is supposed to have a well-defined kinetic rate, its interaction with a
substrate described by Michaelis—Menten (MM) dynamics (see appendix B). Soon after its
formulation, the classical picture was questioned by experiments on myoglobin conducted
by Frauenfelder and colleagues [9]. They suggested [10] that the protein energy landscape
could resemble that of glassy materials, presenting many local minima separated by energy
barriers of different heights. The local minima would correspond to different three-dimensional
conformations assumed by the protein. With the development of high resolution experimental
techniques such as x-ray crystallography, cryo-electron microscopy and nuclear magnetic
resonance, evidence accumulated to support the idea that the same protein could assume
different conformations. Only quite recently, though, the dynamics of hopping between states
started to be assessed (see [11] for a recent account of progress on the subject).

Recent single molecule studies, in fact, opened a window on a previously unexplored area
allowing us to follow the fluctuations in catalytic activity of an isolated protein for long time.
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In such experiments [12—14] the catalytic rate of a single enzyme was monitored with the use
of appropriate substrates which turned into fluorescent products upon catalysis by the enzyme.
This method allowed the measurement of the time interval between successive reactions at high
substrate concentrations (i.e., when diffusion is not the limiting factor). It appeared that such a
time was not exponentially distributed (as one would expect if the enzyme had a well-defined
conformation and kinetic rate). Rather its distribution could be fitted by a multi-exponential
law, supporting the existence of a continuum of conformers, each characterized by different
reaction kinetics (see appendix B). The time correlation of the activity of a single enzyme
suggested that it spent up to seconds in each of these states, giving rise to memory effects in
the enzyme conformational trajectory.

How many and how different are these conformers? Do they reflect thermal hopping
between enzymatic structures of similar energy but different functionality or do they arise
from the metabolic activity of the enzyme, kicked off from its native state by the reaction
it catalyses and then moving chaotically on this manifold of excited states? One way to
answer these questions is to study the dynamics of the protein structural fluctuations (using
techniques such as single molecule fluorescence energy transfer [15]), in order to distinguish
between thermal fluctuations about a well-defined state and fluctuations exhibiting long-term
correlation effects. In arecent paper [16], the authors used this technique to assess the dynamics
of conformational changes of the enzyme Adenylate Kinase and the influence of substrate
interaction. Also, recent numerical simulations [17, 18] seem to support the picture of a large
range of time scales in the dynamics of enzyme conformational changes.

The traditional picture of a homogeneous population of enzymes is no longer consistent
with the amount of experimental and numerical data being gathered, and there is need
for a theory taking into account the presence of a great number of different conformers.
This effect introduces stochasticity (also called ‘static disorder’) across a population of
enzymes. Similarly the possibility for a single enzyme to hop between different conformations
introduces stochasticity (dubbed ‘dynamic disorder’) at the level of the activity of a single
enzyme. These effects have to be taken into account if a satisfactory picture of enzyme
catalysis has to be formulated. Yet, for the vast majority of known enzymes, and surely for
those studied in the works mentioned above, the Michaelis—Menten kinetics seems to hold
unperturbed, even for fluctuating single enzymes. A possible explanation was proposed in
[19,20], yet one might expect departures from Michaelis—Menten-like kinetics in more general
cases.

In the broader context of protein evolution, the previous results might also be related to
the independent observation that proteins may evolve different functionalities by so called
‘promiscuous activity’ [21]. Since mutations are usually deleterious to the function of a given
protein, it is important to understand how an enzyme with a specific function can mutate
and evolve a new one. One known possibility for the gene coding is for the enzyme to be
duplicated with evolution acting on one copy only, the other ensuring continuity of the vital
activity; another is for the enzyme to have its main catalytic activity at one site and a weaker
unrelated (‘promiscuous’) activity at another more distant one. This ‘promiscuous’ activity
could then be acted upon by evolution without much interference with the main function of
the protein (the ‘promiscuous’ site plays in real space the role of the duplicated gene). How
is that picture altered by the existence of not one but many active states of the enzyme? Is the
plasticity suggested in the previous paragraph useful for the evolution of protein function? Is
it evolutionary easier to tailor these states to the needs of the organism or do they in contrast
increase the constraints on the evolvability of the protein? These are fascinating issues that
will require both sophisticated single molecule experiments on evolving enzymes and new
theoretical approaches to these systems.
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3. Gene expression and regulation, system biology

To understand the way cells operate it is not sufficient to study the structure and function of
their molecular components. One has to grasp how the various molecules interact together
in regulation and metabolic pathways to define the functional state of the cell (known as
its phenotype, see appendix A). Although these pathways are interconnected, it has been
proposed that just like man-made machines, they are composed of functional modules [22].
A functional module is a network of proteins (and possibly other molecules such as RNA,
lipids and sugars) that are capable of performing a certain task: metabolizing glucose, making
a flagellum, directing a bacterium to a source of food (chemotaxis), etc. A major goal
of systems biology [23] is to understand the design principles of these modules. To that
purpose one can adopt two approaches: analyse native modules or design modules that mimic
natural ones.

For example an abrupt transition between a low and a high gene expression state can
be ascribed to a bistable switch. Native switches are involved during the development of
a multicellular organism [24] where the fate of cells results from complex inter-cellular
interactions (see below). They are also observed in bacteria and single cell organisms (e.g.
yeast) where the different phenotypes may result from multi-stable fixed points of the functional
module dynamics (for a review see [25,26]). For instance, bistability in gene expression was
shown to be responsible for transitions in cell state such as cell competence [27, 28] (see
appendix C) or sporulation [29] in Bacillus subtilis and sexual identity in yeast [30,31].

Such a genetic switch was mimicked by introducing an artificial gene network decoupled
from endogenous signalling pathways in bacteria [32,33] and in yeast [34]. An important
ingredient for these experimental models to function as a bistable switch seems to be the degree
of cooperativity of the transcription factors regulating the genes of the network, namely, the
requirement of strong nonlinearity in gene repression (or activation, see appendix C). One
essential feature of a fate transition driven by a bistable switch is that at the transition point,
the stochastic variation in the number of proteins in each bacterium allows the coexistence of
two populations (phenotypes) each characterized by one of the fixed points. Consequently,
while cells may be genetically identical (share the same genotype) they may exhibit a different
phenotype.

The possibility of engineering desired biochemical pathways and networks in cells has
given rise to a sub-domain of systems biology, known as synthetic biology. Inspired by
the success of electrical solid state devices (transistors, micro-processors, memories, etc)
researchers in that field are trying to develop functional modules (biochemical networks such
as the just mentioned bistable switch) that perform logical functions [35], mimic cell—cell
communication system [36] or exhibit oscillations [37]. Besides designing artificial networks
in cells, there is also great effort to introduce metabolic pathways from one organism into
another [38] (for example to graft the cellulose metabolism of the bacteria from termite guts
into yeast to produce bio-ethanol). The experimental implementation of such networks is
often not straightforward and a great deal is learnt on their regulation and their coupling to the
general metabolism of the cell when attempting these grafts. The modelling of these networks
is therefore both instructive and useful in helping to identify the key parameters that must be
adjusted to get the sought after behaviour [39—41]. In particular, for oscillatory modules, the
robustness of the desired response to fluctuations in the network’s components and variation
in its kinetic parameters is a key to its efficient implementation.

Even if a given function is successfully introduced into a cell, it has to be maintained over
many generations. The evolutionary stability and evolvability of networks is a fundamental
aspect of cell engineering which is still largely unexplored. In that respect, there has recently
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been interesting experimental and theoretical investigations looking at the type of networks
selected by evolutionary strategies to fulfil a desired function either in order to implement some
artificial network in vivo [42] or to investigate the type of solutions arising in silico [43,44].
Unravelling the rules behind the selection of certain solutions and being able to predict
their probability of appearance in natural systems would represent a major advance in our
understanding of the design principles of cellular networks.

The present approaches in systems biology consider the cell as a homogeneous medium
where the components of a network diffuse and interact by the law of mass action. However,
the spatial distribution of molecules inside a eukaryotic cell is not homogeneous: protein are
targeted to specific structures (the nucleus, the membrane, etc) and they do not always diffuse
freely: molecular motors actively transport molecules along the tracks of the cytoskeleton.
Hence the structure of the cell appears to regulate the interaction between its constituents.
How can these effects be incorporated in the theoretical framework of systems biology? What
role do they play in cell differentiation where mechanical stresses on the cell membrane
have been shown to influence the specialization of the cell into bone, muscle or neuronal
tissue [45]?

4. Development

In multicellular organisms, cells are grouped to form tissues and organs. The foundations of
morphogenesis, i.e., the developmental mechanisms by which organisms shape their form and
patterns emerge can be traced back to influential works by D’ Arcy Thompson in 1917 [47] and
by Turing in 1952 [48]. In Turing’s proposal, reaction—diffusion equations among appropriate
signalling molecules (morphogens) provide a general framework for explaining the patterns
observed in early development, the identity of a cell being set by the local value of the
morphogen concentration [49]. However, while the existence of gradients and patterns of
morphogens have now been firmly established, how these molecules interact both in space
and in time to define a robust developmental programme is not fully understood. What type
of nonlinear interactions among the various components of these networks (some of which
may still be unknown) can explain the observed patterns and their precise spatial extent and
temporal dynamics are basic questions that one has to elucidate. In this investigation of the
possible mechanisms underlying morphogenesis one is helped (and constrained) by the fact
that the developmental programme is surprisingly robust with respect to fluctuations in the
environment (temperature, nutrients), in the concentration of morphogens and in the reaction
rates (as aresult of environmental fluctuations, genetic polymorphism or non-lethal mutations).
For example, how do sharp boundaries of gene expression domains cope with the fluctuations
of morphogens involved in the patterning of tissues [50,51]? These observations suggest that
a useful criterion to wean out theoretical models is to test their robustness to variations in
concentrations, reaction rates, temperature, etc.

Appendix D illustrates some recent work where these issues were tackled and it exemplifies
how the nonlinear degradation of morphogens could generate both robust and long range
morphogen gradients. The mechanisms by which the degradation of morphogens might
effectively be nonlinear are many. For instance the degradation of morphogens could be
carried out by enzymes acting on morphogen dimers. In other cases (see for example [52]),
an enzyme involved in the degradation pathway might be under control of the morphogen (the
higher its concentration, the more enzyme is produced). Finally complex interactions among
some components of a given pathway may give rise to non-exponential, i.e., robust, morphogen
gradients. A very nice example of the use of nonlinear modelling in morphogenesis is presented
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by dorso-ventral patterning in the fly. In this case Eldar et al [53] studied the robustness of
the morphogen gradient to changes in its production rate (controlled by the number of copies
of its gene). Since the topology of the regulation network was known (but not its nine kinetic
parameters) they simulated the response of the network for values of the parameters varying
by four orders of magnitude. Of the 66 000 tested network configurations, only 198 proved
to be robust to changes in the morphogen production rate. These robust configurations were
also immune to stochastic variation in the (small) number of interacting proteins. The robust
networks were characterized by having a constraint on two of the network parameters, but not
on the other seven. This helped identify the nonlinear mechanism responsible for the non-
exponential and robust variation of the morphogen gradient. It also suggested a crucial test of
the model: alter the constrained parameters and check the robustness of the response.

In these examples robustness to fluctuations in the morphogen concentration at the source
was probed. However, as previously mentioned, the developmental programme is remarkably
robust to many other perturbations. How these select the possible regulation networks and
what constraints evolution imposes on the developmental programmes is not yet known. This
brings us to an issue that is still largely unexplored: how does an organism achieve its correct
size and proportion?

If a morphogen is produced at the head and degraded at the tail of an embryo, it has
been proposed [54] that while its local concentration sets the cell’s identity along the antero-
posterior (AP) axis, its gradient determines the growth rate. When the gradient falls below a
certain value growth stops. One then expects growth to stop far from the source much earlier
than closer to it. This, however, is not the case. Growth stops almost instantly throughout the
growing tissue. To explain what sets the mean size of organs, Shraiman [55] proposed that the
local growth rate is set both by the morphogen concentration (growth increases monotonically
when the morphogen concentration is above a certain threshold) and by the local stress P due
to the differential growth rates (growth is maximal when the tissue is slightly under tension:
Pmax < 0). The feedback provided by the local stress results in a more uniform growth rate
and causes the tissue to stop growing when the cells further away from the morphogen source
stop dividing. This mechanism may be used to set the size of the embryo and any other tissue,
limb or in the case of the fly, its wing. The idea is appealing and merits further investigation. It
is known that stresses can influence the developmental pathway of the fly [56] and are essential
for proper bone development. However, little is know about how generic the use of tensile
signalling in development is [56] and about what molecular mechanisms are used to couple
these signals to gene expression [45]. With the existence of means to apply tensions locally
in a tissue (for example optical and magnetic tweezers) these issues could now be tested and
compared with robust theoretical models (see for example [57]).

5. Populations biology and evolution

Population biology has emerged as one of the first domains at the interface between
mathematics and biology. From the beginning of the twentieth century, it gave rise to several
fields ranging from population dynamics, to game theory and the modelling of adaptive
evolution. These studies were seminal in many areas of nonlinear phenomena. The papers of
Fisher in the 1930s on population dynamics [59] set the stage for nonlinear wave propagation
through what became known as the Fisher—-Kolmogorov equation. The seminal paper by May
on the logistic map (inspired by a model of population dynamics [60]) introduced a generation
of physicists to period doubling, chaos and nonlinear phenomena. Finally the rephrasing of
game theory in the context of evolutionary biology has been exposed in great detail in the
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excellent book by Maynard Smith [61]. In some sense, of all the contributions of nonlinear
science to biology this is the most mature.

Over ecological time scales, the dynamics of a population of » individuals is a balance
between its growth rate g(n) and its death rate, b(n): dn/dt = g(n) —b(n). While the death rate
of a population is usually assumed to grow linearly with n, b(n) = bn, its growth rate, while
increasing with n, saturates at large n for the simple reason that the environmental resources are
finite. For bacteria it has been shown by Monod [62] to be well fitted by g(n) = an/(ng +n).
However for mating populations, the growth rate at small population size may increase not
linearly with n but for instance quadratically. This so called Allee effect [63] is crucial when
considering the conservation of endangered species: it implies that there is a minimal size
below which the population goes extinct. Spatial effects were also considered by Fisher in
the case of diffusion of a bacterial population. If the death rate is sufficiently high so that the
growth rate never saturates (n < ng), it is easy to show that the Fisher—Kolmogorov equation
for x = an/ny is obtained: dx/dt = DV?x + rx — x> where r = (a — bng)/no.

Over evolutionary time scales, organisms in populations are selected on the basis of
their reproductive efficiency with respect to environmental conditions. In order to assess
this efficiency, Darwin introduced the concept of fitness. Two hundreds years later no general
formulation of fitness has emerged yet, and evolutionary biologists still adapt its definition
depending on the context. For instance, within clonal populations (of asexually reproducing
individuals), the relative fitness wap of two sub-population (A and B, see appendix E) is
defined with respect to their relative growth rates, ¥4 p = dIlnny p/dt, as wap = ra/rp. If
A grown in competition with B outcompetes B then it is fitter than B (and wusp > 1). Note
that unlike energy, fitness is not a transitive property (see appendix E). While evolution occurs
on large time scales, only instantaneous value of fitness can be deduced from the ecological
dynamics of the population. This stresses the need to distinguish between ecological and
evolutionary time scales in the formulation of the models.

Although most formulations of population dynamics are deterministic, several stochastic
components may affect the dynamics. First, the intrinsic stochasticity caused by small
numbers of individuals may lead to the extinction of the population (see appendix E). Second,
genetic stochasticity may result in phenotypic variability within populations possibly affecting
their dynamics. Finally, environmental fluctuations may affect differentially sub-populations.
These empirical facts emphasize the need to incorporate stochasticity in the modelling of
ecological and evolutionary processes. This was introduced for instance in evolutionary game
theory where mixed and conditional strategies correspond to playing several pure strategies
with different probabilities (see the book by Hofbauer and Sigmund [64] for a remarkable
overview of game theory and population dynamics). Later on, it has been extensively done
using agent-based simulations (as in cellular automata [65]), in particular to highlight the
role of the interaction range (or spatial structure) on the outcome (see appendix E). The
birth—death processes represent also a noteworthy attempt to rephrase population dynamics
in a more stochastic manner that are, however, still confined to a few particular cases such
as Lotka—Volterra dynamics [66]. Could this be extended to the study of other challenging
issues like cooperation which may involve higher order nonlinearities? Which types of models
(deterministic versus stochastic) are more relevant when confronted to experimental data?

On evolutionary time scales, the major challenge is to define a framework allowing the
derivation of the evolutionary dynamics of a phenotype (e.g. a given trait such as height) from
the ecological dynamics of the considered population. For the last two decades, adaptive
dynamics (AD) has filled this gap, but their ecological relevance is still questioned (see the
review by Waxman and Gavrilets [67] and the following comments in the same issue of
Journal of Evolutionary Biology). Due to the dependence of this kind of evolutionary model
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upon ecological ones, the nonlinear and stochastic features of the latter will necessarily be
included in the former. More generally, is adaptation a continuous phenomena or are there
abrupt first order transitions? Moreover how can one interlink the different levels of description
of evolutionary models (from molecular to phenotypic descriptions)?

In fact, in these investigations, one is not hampered by the lack of theoretical approaches
but by the dearth of experimentally controlled and reproducible data. Much ecological and
evolutionary data is gathered from field studies in which conditions are tough to control, almost
impossible to reproduce and with an outcome that is difficult to predict. Thus, even if various
theoretical models fit the data, the uncertainty of the many uncontrolled parameters does not
allow us to identify the most relevant one. However, while the evolution of most ecological
systems is impossible to study on a human time scale, the ecology of microbial systems is
still widely open for experimental investigations. One challenge is to devise long-term self-
contained systems replicated many times and probing some well-defined question in evolution.
Only then will we be able to compare quantitatively experimental observations and theoretical
predictions, measure the probability of certain evolutionary scenarios and test issues of intrinsic
stochasticity and robustness.

6. Conclusion

From proteins to genes and from organisms to populations, biological systems display
recurrent themes: the nonlinearity of the interactions; the effects of fluctuations arising from
environmental variations and the stochasticity inherent in the discreteness and small numbers
of players (molecules, cells, individuals); the robustness of the response to these variations and
to variation in many of the systems parameters (arising for example from mutations); the role
played by evolution both in selecting the present systems and in their possibility to adapt in
response to their environment and evolve (their evolvability). The last two themes, robustness
and evolvability present contradictory requirements. While robustness implies stability with
respect to external and internal perturbations, evolvability requires a measure of adaptation
to these variations. How is the compromise between these constraints reached? A possible
way out of this conundrum is suggested by the fact that robust processes coupled with the
stochasticity arising from the small number of players can give rise to a minority of different
phenotypes upon which selection can act.

Although the issues mentioned above can be addressed theoretically, they should also be
tackled experimentally. Biology is witnessing a profound transition: from the essentially
observational science of the last centuries to a quantitative discipline based on reverse
engineering of complex systems: it aims to understand life as it is, not as it could be. The
concepts of symmetry and universality which underlie the comprehension of physical systems
from magnetism to chaos are of little use in biology where the devil is in the details. As a
consequence generic models (e.g. a Landau—Ginzburg type of approach) elicit usually limited
interest among biologists. While presenting a real challenge for a theorist, it is only by a
thorough understanding of the experimental details that one may expect to build useful models
from which hopefully some general evolutionary design principles will be learnt.
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Figure Al. Central dogma of molecular biology.

Appendix A. Some biological notions

Because of their common ancestry all life forms share common motifs (enzymes, metabolic
and regulation pathways, etc). The most fundamental one common to most, and dubbed
‘the central dogma of molecular biology’ (figure Al), is that information is encoded in the
famed double helix of the DNA molecule (in the form of genes, i.e., DNA sequences encoding
for proteins, regulatory sequences controlling the expression of the genes and an often large
portion of DNA of unknown role). To give rise to proteins this information is first transcribed
into messenger RNA, mRNA (by enzymes known as RNA-polymerases) and then translated
into proteins (by a complex of tens of proteins and ribosomal RNA (rRNA), known as the
ribosome). Life forms are mainly divided into two types: prokaryotes, which are single cell
organisms lacking a nucleus (essentially a bag of DNA and enzymes enclosed by a lipidic
membrane) that appeared about 3.5 billion years ago, and eukaryotes, which are cells with a
structured environment possessing a number of so-called organelles (nucleus, mitochondria,
etc) that probably evolved from prokaryotes about 1 billion years ago. Within a few hundred
million years multicellular organisms appeared first as an assembly of eukaryotic cells and
then as more complex organisms with cells specializing into tissues and organs. To proliferate
cells divide after having replicated their DNA (with enzymes known as DNA-polymerases).
In multicellular organisms, even though all the cells originate from the same initial one (a
so-called monoclonal population sharing the same genotype), they specialize (‘differentiate’)
to fill different function (i.e., adopt different phenotypes: skin, muscle, neuron, bone, etc).
While the DNA molecule in these differentiated cells is the same, the pattern of expression
of the encoded genes (i.e., the concentrations of the various proteins) is not. This pattern is
under control of proteins known as transcription factors that bind to the regulatory sequences
on the DNA and modulate gene expression. These transcription factors are themselves part
of more general signalling networks that play a central role in development by coordinating
the differentiation of cells within a given organism. The field in biology that studies gene
networks and uses nonlinear modelling to describe them has recently acquired the name of
systems biology [23].

Appendix B. Fluctuating enzymatic activity

The catalytic activity of many enzymes is well described by the Michaelis—Menten
(MM) kinetics: the enzyme E binds its substrate S forming a complex ES to
yield the product P while regenerating the enzyme for the next catalytic cycle (see
figure Bl(a)). The model assumes that the enzyme has a unique catalytic state, with
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Figure B1. (a) Traditional interpretation of Michaelis—Menten kinetics for enzymatic reactions.
(b) Histogram of enzymatic cycle times for a single fB-galactosidase enzyme. Adapted by
permission from Macmillan Publishers Ltd from [12], copyright (2006).

corresponding unique reaction rates (ki, k_i, k;). The catalytic rate (v = d[P]/dr) is
given by
b vmax[$]
[S1+ Ky

where the brackets [..] denote the concentration and Kj; = (k_; +k3)/k; is known as the MM
constant. MM dynamics is normally used to describe biochemical assays, where billions of
copies of the same enzyme are involved, but a single molecule version of the Michaelis—Menten
dynamics can be formulated in terms of the average time between two successive turnovers.
Because the enzymatic cycle is a stochastic variable, for a MM enzyme one expects it to be
exponentially distributed. However, this was not observed [12]. As shown in figure B1(b)
the cycle time histogram for the enzyme S-galactosidase is better fit by a multi-exponential
curve (curved line) than by a single exponential one (straight line). These results suggests that
the catalytic (functional) conformation of an enzyme is not unique. The enzyme fluctuates
between a large number of active configurations each with its own reaction rates. How general
is this result? Under certain assumptions concerning the transition rates between the various
states it was shown to be consistent with MM behaviour, but whether this can lead to non-MM
kinetics in more general cases and how biologically, i.e., evolutionary, significant this process
is, are still open questions.

Appendix C. Bistability in gene expression

Switching behaviour in biological systems is observed in many circumstances ranging from
developmental biology to microbiology. The interpretation of morphogen gradients (see
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Figure C1. (a) Double negative feedback loop. In this circuit, two proteins A and B mutually
repress each other. Reprinted from [25], Copyright (2002), with permission from Elsevier. (b)
Phase space of the steady state solutions of the system described in (a). Reprinted by permission
from Macmillan Publishers Ltd from [32], Copyright (2000). (c¢) Histogram of a population of cells
near the bifurcation point (protein expression is monitored with fluorescent reporter). Adapted by
permission from Macmillan Publishers Ltd from [32], Copyright (2000).

appendix D), which control well-defined stripe-like domains in a developing fly embryo,
requires the conversion of a graded signal into an all-or-none differentiation response [46].
In the bacterium Bacillus subtilis, the ability to withstand stress conditions results from a
switch between two states: a default non-competent state and a competent one. In the latter,
the bacterium is able to incorporate DNA from the surrounding medium in the ‘hope’ of
acquiring genetic features that will allow it to survive in the new conditions [27,28]. To model
this behaviour, synthetic gene networks were engineered. Depending on the environmental
conditions, which act on regulatory proteins, elementary circuits such as double-negative
feedback loop (figure Cl(a)) or positive feedback loop were shown to display bistable
behaviour. In the bacterium Escherichia coli, a synthetic double-negative feedback circuit
was engineered with two mutually repressing genes, whose products concentrations (u,v) are
described by the equations [32]:

du o
- —u
dr 1408
dv_ o)
dr  1+u”

The first term on the RH describes the repression of one gene by the product(s) (e.g. protein)
of the other gene. The second term accounts for the degradation of these proteins. «; is the
effective rate of synthesis of the repressor protein i. 8 and y are the degrees of cooperativity
(i.e., the number of proteins required for effective gene repression). If 8, ¥y > 1 and a1 = «,
this system has two stable equilibrium points (figure C1(b)). The capacity of achieving multiple
internal states in response to a single set of external inputs is noticeable in a population of clonal
(i.e., genetically identical) cells. Indeed, the noise in gene expression may often be enough
to project the cell into one of the two stable states (also known as phenotypes). This is most
easily demonstrated by putting a fluorescent reporter protein under the control of one of the
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Figure D1. Sensitivity of the morphogen concentration with respect to fluctuations at the source
when its degradation is linear or nonlinear.

gene products studied. As shown in figure C1(c) the distribution of fluorescence is bimodal.
Thus, elementary gene network can convert graded input into a toggle switch.

Appendix D. Morphogens and development

Morphogens are molecules whose spatio-temporal concentration gradients provide positional
information to the embryonic cells. The model of reference is the so-called ‘french-flag’
model [49] where the colours of the flag are determined by various thresholds of a putative
morphogen gradient. This gradient is established via localized synthesis and subsequent
diffusion as well as degradation within the embryo. As it is used to determine cell fate the
gradient must be robust (with respect to fluctuation in production rate) and it must extend far
enough (many cells) from its source to be useful. A simple model of localized synthesis and
diffusion with linear decay rate generates an exponential gradient for the morphogen. With
this type of gradient, robustness and long range cannot be achieved simultaneously (a long
range gradient is not robust). If, however, the decay rate of the morphogen is nonlinear (for
example if it is enzymatically degraded only in dimeric form) the gradient obtained can be
both long range and robust [58]. Let us see how these conclusion can be easily derived. The
diffusion equations for a morphogen whose degradation depends linearly or nonlinearly on the
concentration can be written as

oL ) oL )
— = DV°L —aL or — =DV-°L - 8L",
Jt ot

where D is the diffusion constant and « () is the linear (nonlinear) degradation rate. The
corresponding steady-state solutions are

A
(x+em

where Ay = /D/a,m =2/(n — 1), A = (Dm(m — 1)/B)*™, € = (A/Ly)(1/m) and Ly
is the morphogen concentration at the source. A change in L, will modify the morphogen
level everywhere, causing a shift in the cell fate boundary. One defines the sensitivity s to
fluctuations in production rate as the relative change in the morphogen concentration L (x) for
a relative change in the concentration at the source: s = d1n L/d In L. For linear decay rate
the sensitivity is constant (s = 1). For nonlinear degradation, s = €/(x + €), in other words
the further away a cell is from the morphogen source the less sensitive it is to changes in its
production rate and the more robust its fate is (see figure D1). Nonlinear decay of morphogen

L(x) = Loe3 or L(x) =
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Figure E1. (a) Phase space diagram for the three species in a rock—paper—scissors game, showing
the predicted cycles around an elliptic fixed point. The erratic flow denotes the trajectory obtained
from a stochastic simulation with N = 200 agents: it spirals out to reach one of the three trivial
fixed points (with only one population surviving). Reprinted with permission from [68]. Copyright
(2006) by the American Physical Society. (b), (c) Results of an experimental realization of the game
in bacteria: (b) when the experiment is conducted in a well-mixed flask; (c¢) when the experiment
is conducted on an agar plate where the interaction range is smaller. Reprinted by permission from
Macmillan Publishers Ltd from [71], Copyright (2002).

gradient has been reported in the dorso-ventral polarity of the fly and the patterning of its
wing [58]. It could be crucial for establishing a long range and robust gradient of the relevant
morphogens.

Appendix E. In vivo rock—paper—scissors game in bacteria

Consider a system of three bacterial strains where strain A outcompetes B, strain B dominates
over C, and strain C in turn outperforms A, where y, o and 8 are the respective competition
coefficients. The dynamics of these strains densities (respectively, a, b, ¢) can be written as

a=a (yb— o) A+B L A+ A,
B:b(ac—ya) B+C - B+B,
c=cBa—ab)y C+aA-Lcrc

These equations possess three trivial stable fixed points (1, 0, 0), (0, 1, 0) and (0, 0, 1) (only
one of the three strains survives), and one elliptic fixed point (a*, b*, ¢*) corresponding to
coexistence of the three strains. Solutions for this equation can be computed for a variety of
initial conditions, which yield stable cycles around (a*, b*, c¢*) as shown in the phase space
diagram (figure El(a)). Using stochastic simulations, fluctuations in finite populations are
shown to destabilize these orbits: single trajectories spiral out from (a*, b*, c¢*), eventually
reaching one of the three trivial fixed points. To experimentally study this type of dynamical
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problems toxin secreting bacteria [69,70] were used. Consider three types of bacteria: type A
secretes a toxin (colicin) and is resistant to it; type C possesses only the resistance, while type
B is not burdened by the production and secretion of the toxin nor by the production of the
resistance to it. As a result, B outgrows C, which overcomes A which kills B. That ecological
system has been studied when the system is well mixed (corresponding to the case where every
bacterium can interact with every other) and when it grows on solid agar plates (where the
bacteria interact with their neighbours). In the former case, one strain outcompetes the others
in accordance with the stochastic simulations (figure E1(b)); in the later, dynamic coexistence
can be observed over many generations (figure E1(c). These results emphasize the importance
of the interaction range in the dynamical outcome: stochastic simulations have been widely
used to show that local interactions favour cooperation but more general analytical studies are
still rare (see [72]) and long-term experimental investigations almost non-existent.
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Chapter 2

Fluctuations in protein activity

2.1 Fluctuations in protein activity

2.1.1 Fluctuating enzymes

Section 1.3.1 introduced the concepts of static and dynamic disorder in proteins,
suggesting that enzymes with identical amino-acid sequences could have differ-
ent catalytic activities depending on the particular structural conformation they
adopt.

One of the first observations of static disorder protein activity was claimed
by Rotman in 1961 [78]. In this experience, the author sprayed a diluted solu-
tion containing (-galactosidase (see section 2.2.1 below) mixed with a fluorogenic
substrate on a glass slide covered with a layer of silicone oil. He then covered
the sample with a similar oil coated slide, so that the small microdroplets of
enzyme+substrate solution would drop to the bottom slide and be trapped and
isolated one from the other. Upon incubation for a certain time the author
recorded the amount of processed substrate by measuring the fluorescence of
each droplet with a fluorescence microscope for a population of droplets of equal
size. The authors used the fraction of empty droplets (no fluorescence) and pois-
son statistics to verify that the chosen enzyme concentration made it statistically
very unlikely for a droplet to contain more than one protein, and indeed they
found a quantized distribution of intensities (the lowest peak corresponding to
droplets containing only one enzyme). In the first experience the author found
that the protein activity was distributed in an “all or none” fashion, the turnover
rate being comparable with bulk measurements, and that thermal inactivation
resulted would disrupt catalytic activity completely in a similar binary fashion.
The experience was repeated with batches of proteins that had been stored under
40% saturated solution of ammonium sulfate at 4°C for at least 3 years [79] and

39



40 CHAPTER 2. FLUCTUATIONS IN PROTEIN ACTIVITY

with proteins coming from an 8 year old crystal and contrary to the first experi-
ence a broader distribution of intensities was observed, suggesting the possibility
that the enzyme activity was similarly distributed. While not completely ruling
out that such a broad distribution was due to individual amino-acid modifications
or structural damage in some proteins of the old batches, the author speculated
that prolonged storaged had allowed the enzyme to reach a three-dimensional
configuration of lower free energy with respect to freshly prepared enzymes.

Observation of single molecule enzymatic activity in real-time was then re-
ported in [64], where Lu et al. monitored the fluorescence fluctuations of the
active site of the flavo enzyme Cholesterole Oxydase (see section 2.2.1 below)
trapped in agarose gel. With respect to the seminal experiences of Rotman, this
experiment did not look only at static disorder but also at dynamic disorder.
The single enzymes were trapped in agarose gel and identified by the appearance
of bright fluorescent spots when raster scanning a planar portion of the gel with
a confocal miscroscope. The authors could distinguish between “on” and “off”
state of the enzyme and recorded “telegraphic” signals of the type displayed in
figure (figure 77).

Thermodynamics

v

Biochemistry

Figure 2.1: Kinetics proposed by Rigler et al. (figure from [31])

The study of the distribution of waiting times in such signals seemed to sug-
gest at least two different active states were necessary to explain the observed
distribution. However, good statistics could not be accumulated due to a limita-
tion inherent in the activity detection scheme used. In fact, the flavin fluorophore
in the active site of the enzyme would bleach after a certain time of observation,
thus limiting the observation window to few minutes.

This limitation was partially addressed by Edman et al. [31], who reported
the observation of activity of single Horseradish Peroxydases (see section 2.2.1
below) immobilized on a surface. Their experience proceeded by immobilisa-
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tion of biotin conjugated proteins on a streptavidin coated glass coverslip and
subsequent incubation in the presence of a non fluorescent protein substrate. In-
teraction with the protein would turn the substrate in a fluorescent product that
was then detected by fluorescence confocal microscopy (3.2.1).

In this experiment as well immobilized proteins were identified by raster scan-
ning a planar region near the surface with a focalised laser beam. The appearance
of bright spots, not present in controls without enzymes, was interpreted as reac-
tion product accumulated near an active protein. The experience proceeded by
recording the fluorescence fluctuations at each bright spot for a certain amount
of time. The sensitivity of this experience did not allow to resolve individual
turnovers of the protein, so fluorescence correlation spectroscopy (FCS) (see sec-
tion 3.3.1) was used to gain an insight on the dynamics of activity at various
timescales.

The FCS curves observed could be interpreted with a kinetic model in which
the enzme hopped between various states with differet catalytic activity (see
figure 2.1), but the quality of their data did not allow precise estimation of the
variability of the kinetic parameters. They also observed static disorder across the
population of enzymes, but could not draw definitive conclusions on the origins of
such a distribution. Also, long data acquisition was impeded by the accumulation
of fluorescent product molecules in solution, which contributed to an increase in
background noise.

Later on, another similar experience was conducted by Shi et al. [83] on di-
hydroorotate dehydrogenase (DHOD). Their approach was closer to that of [64]
both for the technique used for immobilising the proteins, and the activity de-
tection scheme. In fact the chosen enzyme is a monomeric membrane-associated
flavoprotein whose active site becomes fluorescent when it catalyzes the oxida-
tion of dihydroorotate to orotate. This offered a more stable identification for the
enzymes, ruling out false positives provided by immobilized fluorophores. Immo-
bilisation was achieved by sterical trapping of the proteins in an agarose gel, in
order to avoid the introduction of static disorder due to contact with the surface
or by different orientation of the bound proteins. In this .

The experiences mentioned were mainly affected by the same problem: the
short window of observation time, the low sensitivity and the possible presence
of false positives, had prevented the experimenters from directly observing single
turnovers for a long time, in order to build up sound statistics for model build-
ing. Indirect evidence (see also section 2.1.2) was however convincing enough to
challenge our curiosity push us to start a similar experiment.

In the years 2004 to 2006 important experimental works [94, 37, 35] completed
the previous scenario by providing direct observation of individual turnovers in
isolated proteins with much higher quality data.

In particular, the results of English et al. [35] are summarized in section 2 of
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the article “Some nonlinear challenges in biology” that preceded this chapter.

2.1.2 Memory effect

Both the initial and the more recent observations pointed to the presence of
a memory effect [64, 32, 104] in the time correlation of protein activity. In
experiments where the enzyme can be labeled as active or inactive, memory
effects can be investigated by studying the 2D histogram of “on” times separated
by an an certain lapse of time. With cholesterol oxydase in mind, suppose to
describe the active/inactive behaviour observed with a binary stochastic process
in which the “on” state corresponds to the fluorescent flavin and the “off” state
corresponds to non fluorescencent flavin. A 2D histogram can be built of the
durations of two “on” times separated by a fixed time tau. If the stochastic
process is Markovian, i.e. it has no memory effect, the duration of the second
“on” time must be independent from the duration of the first. Conversely, the
appearance of a diagonal feature in the 2D histograms indicates a correlation in
the duration of on times, suggesting that the duration of the second depends on
the duration of the first. This correlation can also be studied as a function of the
separating interval of time and it was observed to be present on short time scales
while absent on longer time scales [64]. The presence of such memory effects were
interpreted as a hint that activity fluctuations could be linked to conformational

fluctuations in the enzyme structure.

2.1.3 Open questions

These seminal results opened many questions. First of all, the investigation of
the origin of activity fluctuations required the definition of a model that could
describe these fluctuations in terms of structural deformations. The quantity ob-
served in the experiments is substrate productuion, which contains information
on protein activity fluctuations when substrate diffusion is not the rate limit-
ing reaction step. However, no direct observation of structure deformations has
been conducted together with activity monitoring. In this regard, it would be
nice to be able to either monitor protein fluctuations with an imaging technique
such as FRET or to be able to deform the structure by an external force while
monitorning the changes in activity.

On the modelling side, there is currently no way of including catalytic activity
in a Molecular Dynamics (MD) simulations. The definition of a good descriptor
for the activity is subject of active research. Besides this, the total simulation
time has not yet reached the microsecond to second scale observed in experiments.
Thus it seems challenging and interesting to observe the real-time activity of a
protein in the presence of an external pulling force and complete that observation
computational investigation that explores the changes in the protein structure
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and its conformational fluctuations about the ground state under the action of a
stretching force.

2.2 Systems proposed

The design of our experiment was guided by initial considerations and was cor-
rected along the way when new results were encountered and experience accu-
mulated.

The initial choice was simply to repeat the experiment of [31]. We started
with a setup that was a replica of theirs. This proved not to be a good approach,
because the enzyme chosen, the search technique and the detection scheme were
not optimal for the goals that we wanted to implement. This first version of the
experimental setup will be called “0.0” in what follows, and it was ready when 1
joined the group in 2005. The following improvements will be called “1.0” and
“2.0”, each of which consisted in a different technique that tried to overcome the
limits of the previous one.

The detailed technical description of each of these experiments is left to chap-
ter 4, while here we will focus on the considerations that guided us in the choice
of the enzyme and fluorophore. The constraints on the systems were many and
of different origin, and compromise was required.

2.2.1 The choice of the enzyme

The choice of the enzyme was constrained by many considerations. Initially we
looked at Horseradish Peroxidase (HRP), S-galactosidase and flavoenzymes which
had been used by our predecessors. Flavo enzymes were fhe first to be ruled out.
The fact that flurescence was intrinsic to the enzyme and that the observation
window was limited by the dissociation of the flavin in their active site were
considered limiting factors for the experience proposed (A possibility to overcome
this limitation is suggested in [101] where the authors used FRET between the
flavin and a donor molecule to visualize enzyme activity). [-galactosidase and
HRP both had positive and negative qualities and we decided to keep both to
explore different technical challenges of the setup developed.

(-galactosidase is a hydrolase enzyme that catalyzes the hydrolysis of (-
galactosides into monosaccharides that is found in E.Coli. Recombinant produc-
tion of the enzyme allows site specific attachment of DNA handles for pulling,
which is clearly an interesting point for our goal. Also, a wide variety of commer-
cial substrates that yield a fluorescent product exists, making it a good candidate
for initial tests. The two main drawbacks are the size of the enzyme, which pre-
vents any simulation and its tetrameric form, which complicates the analysis of
activity state. Tetramer dissociation would also be a limiting factor, because the
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enzyme would cease to be active upon dissociation, thus limiting the observation
window.

Horseradish peroxidase (HRP), found in horseradish, is a small (44 kDa) en-
zyme that catalyses the decomposition of hydrogen peroxyde in the presence of
hydrogen donors. It is used extensively in molecular biology applications pri-
marily for its very fast turnover rate, which allow to quickly develop fluorescence
in the presence of a suitable substrate. For our application, it presents comple-
mentary advantages and limitations with respect to (-galactosidase. Is is small
enough to allow MD simulations and fast enough to allow quick accumulation
of fluorescence product (which in the end turned out to be a limitation as well).
The main limiting factor is the absence of recombinant HRP, its production be-
ing possible only in baculovirus systems. Furthermore. the inclusion of the heme
in the apo-protein is to be done in a separate step which further complicates
protein production. On the other hand, its routine use for Elisa tests makes it
commercially available both in free and biotinilated form (non site specific). This
suggested that HRP was also a good candidate for debugging the experimental
setup.

Other systems considered where the EcoRV exonuclease and Guanylate Ki-
nase (GK). EcoRV is a dimer protein that cuts in the middle of the sequence
5'-GATATC-3’ on double stranded DNA. We proposed to use a modified 10-mer
with a FRET [46, 45, 80] couple attached on the extremities. The enzyme cuts
the double strand, thus revealing the fluorescence of the donor (D) fluorophore,
otherwise quenched by the acceptor. This seemed particularly interesting because
we were hoping to be able to detect both arrival time and activity by monitoring
the two colours simultaneously. On the technical side this scheme involved the
possibility to excite and detect two fluorophores of different colours, which would
slightly complicate the setup.

Studied by Choi et al [23] for the investigation of the mechanism of allosteric
control, GK is a small enzyme that mediates the transfer of a phosphate group
from ATP to GMP, and is often part of large signalling cascades. For our pur-
poses, it has the property of being small and possessing mutants available. We
thought of developing a FRET based activity assay which used modified ATP and
GMP moelcules. This scheme proved to be too challenging because the modified
substrates reduced the affinity of the enzyme and no activity was detected in bulk
experiments.

Other possible candidates that were not considered during the course of my
experience but that could indeed prove interesting are lipases [37], proteases,
ribozymes [108], or hydrolases such as amylases or xylanases.
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2.2.2 The choice of the substrate

The choice of the substrate was considered together with the choice of enzyme.
The substrate had to be non fluorescent and turn into a fluorescent product upon
catalisys. The produce had to have a high fluorescence yield in order to allow
single molecule detection (SMD).

Dihydrorhodamine-6G used in [31] was a good choice for HRP, with the only
limitation that it spontaneously degraded with time due to interaction with the
oxygen present in buffer. This contributed to narrowing the time window and
pushed us to look for alternatives. A more stable susbtrate with similar pho-
tophysics is (10-acetyl-3 7-dihydroxyphenoxazine), or Amplex Red (Invitrogen,
USA). This substrate also had the practical advantage of being commercially
available and cheap. A plus for the choice of AR was given by te fact that a
substrate for f-galactosidase exists (resorufin-(-D-galactopyranoside) that yields
the same reaction product (resorufin).

For EcoRV a taylor made substrate was designed and purchased from (MWG-
Biotech, Germany). Considering structures and FRET distances we designed two
different substrates (figure ??), one with a shorter distance of . Unfortunately
the short distance substrate was disliked by the protein while the long distance
substrate’s FRET efficiency was lower than 50%.

The substrates for GK were purchased from (Jena Bioscience, Germany) and

Figure 2.2: Crystal structure of ECORV with DNA substrate. Different bases
are shown in different colors (A (red), T(blue), C(yellow), G(green)). The enzyme
cuts in the middle of the sequence 5-GATATC-3’. Two different modified sub-
strates were used. Substrate 1 was: Cybh-GGATATCGGGGG-TMR, substrate
2 was: CY5-GGATATXCGGGGG, where X represents a modified T with an
Alexab55 fluorophore attached. Substrate 1 had a low FRET efficiency, but cat-
alytic activity was presered. Substrate 2 had a high FRET efficiency (due to the
reduced distance) but no catalytic activity was detected.
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tested in bulk. Unfortunately also in this case, substrate modification resulted in
total loss of activity.
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(a) Modified ATP (b) Modified GMP

(¢) Guanylate kinase with GMP

Figure 2.3: Modified substrates for Guanylate kinase (GK) and crystal structure
of the enzyme bound to GMP. The enzyme has roughly the form of a “C”. GMP
binds on the bottom hinge and ATP binds on the top hinge. The enzyme catalyzes
the transfer of a phosphate group from ATP to GMP. Substrtes were modified by

adding a fluorophore (ATTO-647N on ATP and ATTO-532 on GMP) and linker,
which resulted in a loss of catalytic activity

2.2.3 The choice of the observation technique

The observation technique was chosen according to the type of biological system
studied. Other considerations were: desing simplicity, detection efficiency, avail-
able material and cost. We sould probably have included development time as
well, which we instead sistematically understimated.

The first setup we built (setup 0.0 section 4.1) was based on [31] and used
two photon microscopy as a source of excitation. The main consideration of con-
struction simplicity showed its limits when ectitation efficiency and fluorescence
detection were measured and compared with the literature. As we will see in
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section 3.1.3 the global efficiency of a fluorescence setup for single molecule de-
tection can be measured by the molecular brightness eta which is defined as the
number of photons counts per second detected from a single fluorescent molecule.
This was proved in [54] to be a good measure of the efficiency also in the case
of two photon excitation. In our experiments rhodamine-B and resorufin gave
signal to noise ratios of about 1 (see chapter 4 for details) and suggested that
the technique was impractical for SMD. An explication of the poor efficiency of
this technique in SM excitation is commonly attributed to photobleaching and
saturation [29, 10, 33]. Also, the practical need to share the two photon laser
with other experiments obliged us to find a compromise on the excitation wave-
length, which is a highly critical parameter for two photon excitation efficiency
[49], further reducing the efficiency of our setup. Before abandoning the two
photon excitation we also explored the possibilities offered by raster scanning of
the surface. Section 7?7 describes the details.

Setup 1.0 (see section 4.2) substituted two photon excitation with the more
conventional one photon excitation, but kept the stage raster scanning of the
surface. The increase in fluorescence yield per molecule with this setup was of
about 10 times. The excitation line (532nm) was chosen with resorufin in mind,
and also because of the availability of a green laser in the lab. In this setup we
added a high power bleaching beam like that of English et al. [35], but never
managed to reproduce their bleaching efficiency. Personal discussion with the
authors pointed out that the choice of a 560nm laser had been highly critical in
their setup (see section 4.2.1 for details).

Finally, setup 2.0 aimed to improve the search time due to raster scanning
of surface bound proteins. In this setup we added TIRF excitation and wide-
field detection in order to be able to quickly look for proteins on a larger area.
The possibilityto have confocal excitation and detection was kept because of the
higher time resolution offered by this configuration.






Chapter 3

Fluorescence Single Molecule
Microscopy

3.1 Fluorescence

3.1.1 Fluorescence photophysics

Fluorescence is based on spontaneous emission of light by small excited molecules.
An electron of the molecule absorbs a photon an jumps from the ground state
to an excited state. Successively a photon of longer wavelength is emitted back
and the electron relaxes to the original state. The efficiency of this process is
determined by the photon absorption and emission cross-sections which depend
on wavelength and can be calculated from quantum mechanics.

All fluorescent organic molecules present delocalized electronic m wavefunc-
tions , which arise when carbon hydrogens bound to carbon in a ring share their
electrons. The presence of 7 orbitals confers rigidity to the organic molecule and
conjugates electronic excitations to vibrational modes of the molecule. When
an electron belonging to a m orbital absorbs an external photon, it jumps to an
excited energy state. Due to conjugation the molecule can quickly relax some of
the absorbed energy changing its vibrational mode before a photon is re-emitted
and the electron relaxes to the ground state (or to a vibrational excitation of
the ground state). The absorption and emission spectra of a fluorescent molecule
present many bands that correspond to all possible energy jumps between any
vibrational mode of the fundamental state and any vibrational mode of the first
excited state.They are often symmetric mirror images one of the other.

A commonly used fluorophore is rhodamine6G (Rh6G), and I will continue
the description taking it as an example candidate. To obtain the emission spec-
trum, Rh6G is excited at a fixed wavelength (at the maximum of absorption), and

49
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the intensity of emitted light is recorded as a function of the emitted wavelength.
Inversely, the absorption spectrum is obtained by changing the excitation wave-
length and collecting ligth at a fixed wavelength (at the maximum of emission).
In the case of Rh6G, the absorption peak is at 530nm, and the emission peak is
at 566nm.

3.1.2 Photobleaching

Due to conjugation, fluorescent molecules are rather reactive and there exist many
ways in which they can turn into a form which is not fluorescent. This irreversible
switch off process is called photobleaching and many different mechanisms can
cause it such as: charge transfer, proton transfer, cis-trans isomerization of double
bonds, twisted intramolecular charge transfer, photooxidations, photoadditions,
etc. Most of these mechanisms lead to non-fluorescent molecules, and depend
both on the type of molecule and on external factors such as buffer conditions,
temperature, excitation intensity.

3.1.3 Single Molecule Detection

Single molecule detection is possible when the signal emitted by a molecule is
separable from the signal emitted by the background, i.e. when the signal to noise
ratio is high enough to clearly distinguish the photons coming from a molecule
from background photons.

3.2 Excitation techniques

3.2.1 Confocal Microscopy

Conventional one photon confocal microscopy uses laser beam coupled into a
microscope objective. The beam forms a cone that converges to a diffraction
limited spot on the focal plane. Fluorescent molecules present in the cone of
light are excited and emit light. In order to achieve spatial selection and to
isolate the light coming from a particular feature being observed at the focal
spot, the light coming from out of focus molecules has to be discarded. To obtain
this, the focal plane is imaged via a tube lens to an image plane, and a small
aperture is placed and conjugated with the focal spot. This will create a spatial
filter that selects light coming from a thin longitudinal slice near the focal plane
[76]. In other terms, in one photon microscopy one excites all the molecules in the
cone of light and then selects the light coming from the focal spot and discards
all the other light.

Two-photons excitation (TPE) is a technique widely used in for in-vivo imag-
ing, which presents several advantages with respect to traditional confocal mi-
croscopy. Contrary to standard one photon excitation (OPE), in TPE a second
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order process is exploited, in which the fluorescent molecule absorbs two photons
of higher wavelength nearly simultaneously, and then emits one photon of lower
wavelength. Since this is a second order process, we expect the probability of
this process to be much smaller than the one photon analogue.

In practice, TPE is obtained focusing a femtosecond pulsed laser beam through
a high numerical aperture objective. This produces sufficient intensity only at
the focal spot and thus only at the focal spot the fluorescent molecules will be
excited. Thus, all the emitted light is coming from the desired spot and it carries
signal information to be collected, without the need for pinhole spatial filtering.
The setup simplicity of technique was one of the reasons that induced us to use
it in the beginning.

Two photon absorption spectra are not just a multiplication by two of one
photon absorption spectra. In fact, since two photons are involved, selection rules
for the conservation of angular momentum are different in the one photon and
two photon cases. Also, the shape and symmetry of the molecule come into play
and this complicates the prediction of the two photon absorption efficiency from
quantum mechanics calculation. Nevertheless, two photon absorption spectra can
be measured and compared with one photon absorption spectra, and indeed a
certain degree of correspondence can be found between the one photon and the
two photon spectra [105, 11].

Another advantage of the two photon technique, that makes it preferable to
one photon for in-vivo imaging, is the weaker interaction of infrared light with
organic tissues. This implies that molecules located deeper inside a tissue can be
excited. This property of the two photon technique appeared very interesting to
observe the molecules emitted by a protein trapped in a gel. In fact we expected
to have a lower background noise due to scattering of excitation light on the gel
structure, and this consideration reinforced us in the choice of the two photon
technique.

Finally, in TPE, the excitation range is well separated from the emission
range. In the OPE, dichroic mirror and filters have to be carefully chosen in
order to separate excitation and emission light. This subordinates the choice of
mirrors and filters to the optical properties of the chosen fluorophore. In other
words, a filter set adjusted to collect light from fluorescein cannot be used to
excite or observe rhodamine. This exquisitely technical constraint is removed
using the two photon technique, because a single dichroic separating infrared
from visible can be used and then the infrared wavelength can be adjusted to
meet the absorption peak of the chosen fluorophore. This was also one of our
considerations when choosing the two photon technique.
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3.2.2 TIRF

Total Internal Reflection Fluorescence (TIRF) [7] is a technique that combines
the advantage of wide-field excitation with a very low background noise. When
passing from a medium with high refractive index n; (like glass or oil) to a
medium of lower refractive index ng (like water or air), light rays are deviated
according to Snell’s law (figure 3.2.2). If the incidence angle from the denser

Glass water interface d(0), A=532nm, n1=1.53, n2=1.33,0c=60.4°

cutoff distance (nm)
3
8

60 65 70 75 80 85 90
incident angle (°)

Figure 3.1: Snell’s law and total internal reflection: A ray of light travels in
a dense medium and it is partially reflected at the interface with a less dense
medium. If the angle of incidence is large enough, all the light is reflected and the
EM field intensity in the less dense medium decays exponentially with distance
from the surface. The cutoff distance depends on the incidence angle.

medium is increased, a critical angle 6, = arcsin(nj/ng) is reached where light
is completely reflected (internal reflection). The EM field intensity on the other
side of the interface decays exponentially:

A
I(z) =Ipe™®4  where d= 0 (3.1)

471'1/n% sin?6 — n%

In TIRF fluorescence microscopy, the excitation beam is arranged so that an

evanescent wave forms at the glass/water interface of a sample. This means that
only flurescent molecules in a volume slice of about 100nm thickness above the
surface (see figure 3.2.2) will be excited and thus detected. This technique is

perfect for both single molecule detection and tracking.
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3.3 Detection techniques

3.3.1 FCS

Fluorescence Correlation Spectroscopy (FCS) is a technique aimed at extracting
information from noisy environments, exploiting the time correlation functions of
emitted light. This technique measures the intensity of light emitted at the focal
spot as a function of time I(¢) and calculates the auto-correlation function of the
signal G(7) = (6I(t + 7)81(t))/(I(t))?. Tt was first used in confocal detection
schemes (see [57] for a recent review) and then extended to TIRF configuration
[48, 92]. Tt is useful to quantify the efficiency of a setup by measuring the number
of photons extracted by a single fluorescent molecule.

Derivation of Correlation function for simple diffusion

The correlation function for simply diffusing molecules is:

Gliry=— 1 (3.2)

N1+ (2)

N is the average number of fluorescent molecules present in the focal spot and
taug is the average diffusion time across the XY section of the focal spot. The
quality of the setup depends on how many photons are collected when a diffusing
molecule passes through the excitation volume ¢ =< I > /N. This value can e
measured as a function of external parameters such as input power, beam size at
the back of the objective and laser wavelength..

3.3.2 Single photon counting and time tag (SPCTT)

SPCTT means that individual photons collected by the detector are not binned
but tagged by their time of arrival. For lifetime applications and in general when
high frequency sampling is required, the advantage of this technique consists
in the reduction of space required for storage (if no photon arrives, no data is
stored). This, and the high resolution on the time of arrival, allows more complex
algorithms to be applied off-line in order to extract more information from the
recorded signals. Traditional light detection, digitizes the intensity measured by
the photon detector at a fixed sample rate. This implies one of the following: at
high intensity/low sample rate the signal is averaged and information on dynamics
at time scales shorter than the sampling frequency is lost; at low intensity/high
sample rate many samples contain no photons and add just a trail of useless zero
bins filling up data space. On the contrary, SPCTT uses a fast clock to digitize
the time of arrival (with picosecond resolution). The size of data stored is then
proportional to the number of photons received and not to the number of bins.
Furthermore, all the information available is stored, and can be subsequently
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treated off-line for calculation of intensity traces, correlation functions and other
statistics on the collected light.



Chapter 4

Fluorescence setups

4.1 Setup 0.0

4.1.1 Description

Sample
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Figure 4.1: Scheme of setup 0.0

The first setup was quite simple in conception. A pulsed 820nm Ti:Sa laser
beam (MIRA, Coherent, USA) was expanded to overfill the back aperture of an

95
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inverted 60x microscope objective (UplanAPO, Olympus, Japan). This config-
uration focalized the beam to a diffraction limited spot on the focal plane to
obtain two photon excitation (see section ??. The small absorption cross section
of this second order process implies that only the molecules found in a volume of
approximately 1pum diameter and 4pm thickness are excited and emit light. This
is the reason that first induced us to chose this technique for our application.
The sample was attached to a scanning piezoelectric stage (P-527C, Physik In-
strumente GmbH, Germany) that allows for a displacement of 200 pm in X and
Y direction with a resolution of 20 nm. Coarser displacement was done manually
releasing the screws that attach the sample holder to the stage and then fixing
them again in the new position.

Figure 4.2: Two photon excitation (figure from [109])

Emitted light was collected through the objective and focused to a 200pm
core multimode optical fibre (M25L02, Thorlabs GmbH, Germany). Detection
was achieved by splitting the emergent beam in two halves and coupling each
to an APD (SPCM-AQR-14, Perkin Elmer, USA). Each APD was mounted on
an XY alignment and its position could be regulated with a nominal precision
of 10pum. Unfortunately, mechanical hysteresis in the screws and the choice of
support affected the overall alignment reproducibility. The setup was aligned
following the procedure described in ([25]) which I briefly summarize in appendix
A.3.

FCS was used to measure the efficiency of the setup. Figure 4.3 shows the
typical shape of an FCS curve for fluorescein 100nm. The overall efficiency of the
setup is defined as the average number of photon counts per second per molecule
in the excitation volume. Figure 4.3 was obtained when the average count in
each APD was about 100kHz, yielding a value of about 1kHz per molecule for
common fluorophores like fluorescein and rhodamine-B.
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4.1.2 Scanning stage

Stage scanning proved to be so painful that we finally abandoned it. Initially
we thought of doing a pixel scan, stopping the stage at each step for acquisition.
However, the typical response time for such a stage is 10ms at best. With a focal
spot of 300nm an image of 256 x 256 pixels covering 85um x85um took about
11 minutes, an incredibly ong time for debugging purposes. Furthermore, the
upper limit for this experimental configuration was set by the background noise
increase due to product accumulation. Considering an average volume of 10x3m
per protein (corresponding to atto-molar concentrations for the protein) and a
a turnover rate of about 1kHz (for HRP) it is easy to realize that pico-molar
concentrations were reached within a quarter of an hour.

4.1.3 Gel immobilisation

In [64] and [83] the authors used a gel to trap isolated proteins in a well defined
three dimensional position. The approach seemed very interesting because of the
use of the spin-coating technique, which confined the proteins to a 2D surface
between two slides of gel. Agarose gel was mixed with proteins at aM concen-
tration and with substrate and sandwiched between two coverslides. Scanning of
the sample was performed looking for high intensity spots. When a bright spot
was identified, the beam would be focalised and photons collected for inspection.
This search procedure invariably yielded traces of decreasing intensity and we
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Figure 4.3: FCS curve obtained in the first setup. The curves were normalised
for comparison. The average number of molecules in the focal spot was = 100 for
fluorescein and rhodamine-B and ~ 10 for resorufin (Amplex Red after interaction
with HRP).



58 CHAPTER 4. FLUORESCENCE SETUPS

Not Corrected Corrected
100pm r
[ Lo B s s N N
235um
95um r
[ I o e e . ) N R
§2 TM: o #0um R
?; 90pm i ?é :
o MM.\ > L
[ T |
225um —x
o = '
[ ‘Mx“w
P ||
0 220um
Hm 804m 100um 120um 50pm 55 4m 60pm 65m
X axis X axis
(a) Not corrected (b) Corrected

Figure 4.4: Tracking the position of a bead anchored to the glass surface while
it is displaced with the piezzo stage. Fig. 4.4a shows that the scanning stage
does not respond with a step of equal size when displaced on the left or on the
right. Fig. 4.4b shows the behaviour of the stage after the input signal has been
corrected to take into account the asymmetry.

channel 1 step response . psd Canal 1,2,3, at 2 kHz
10%g 3

107k .

3lum

30um “"’ / 3 \
g | / i ]
8 | / / 2 0% \ 3
= | o~
é 29um { i // B E \ 3
i 10'F \ .
f
I E \ 5 3
2Bpm i 107! \\ / w‘ | | I
J/ AN Ll
| 3 T .
2rum \F; 1078 .
I | | | |
0 20 40 60 80 100 59002 510t 2 5902 2 5 03
Time (ms) frequency
(a) (b)

Figure 4.5: Step response of the piezzo stage an power spectrum. The piezzo
stage had low frequency resonances that were excited in scanning mode, leading
to vibrations and deterioration of the quality of positioning.
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concluded that the higher brightness was to be attributed to impurities in the gel
rather than to active proteins.

4.1.4 Conclusion 0.0

[29] report an efficiency as high as 25 kHz per molecule for a two photon con-
focal setup comparable with ours. However, they observe a 3-fold reduction of
efficiency switching the excitation from one photon to two photons. The authors
of [33] studied the probability of bleaching for one and two photon excitation
and reported that the total number of extracted photons is reduced 18 folds in
two photon excitation with respect to one photon. In all our tests with com-
parable fluorescent dyes and laser power we never obtained more than 2-3 kHz
per molecule with the fiber and 5-7 kHz per molecule with direct coupling of the
microscope to the detectors. These values are one order of magnitude smaller
that those reported in the literature, and

4.2 Setup 1.0

4.2.1 Description
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Figure 4.6: Scheme of setup 1.0
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The second optical setup we built aimed to overcome the following limitations
of setup 0.0:

e Low overall efficiency of the setup
e Background noise increase

We were inspired by te paper [35] and by discussion with experts at the OSBD
conference.

Two photons excitation was substituted with 1 photon 532nm excitation.
This change alone brought us from about to kHz per molecule for powers of .

Pinhole

The implementation of a one photon confocal setup implies not only the change
of dichroic mirror but also a change on the detection pathway. In fact in this
configurations, molecules are excited in the whole lightcone and not only at the
focal spot. thus light coming from the focal volume has to be spatially selected
in the detection pathway by optically conjugating a pinhole to the focal spot.

The role of the pinhole is not so much to filter light in the XY plane but
in the longitudinal direction. Sometimes optical fibres are used for pinhole but
we found that even a 200pm multimode fibre ( Thorlabs GmbH, Germany) was
degrading light transmission by at least 30% ad we decided to eliminate it from
the collection pathway.

APDs

APDs were mounted on a more stable and precise alignment system (sensitiv-
ity bum). Also, we found that a proper criterion for good alignment was the
observation of a plateau when moving the APD along the XY axes. This crete-
rion is useful to get the correct alignment in the longitudinal direction. In fact,
the optical image of the pinhole on the APD chip is about 100um in diameter.
The APD silicon detector is 170um in diameter an dthus it must be possible to
move the XY adjustment knowbs for some microns without noticing changes in
the collected intensity. Over all, the improvements in detection and excitation
contributed to increase the fluorescence per molecule from 1kHz per molecule to
about 10kHz per molecule.

Background noise reduction

The other issue we tried to attack in this second version of the experiment was
product accumulation leading to background noise increase. The following fea-
tures were implemented:
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e Gel trapping was abandoned in favour of surface binding. Slightly more
complicated to obtain, this allowed us to reduce the total amount of protein
present in the sample without increasing search times.

e Experiments were conducted in a gentle flow, in order to allow for a partial
elimination of the accumulated fluorescent product.

e A powerful 532nm bleaching beam was added in order to bleach all the
fluorescent molecules in a region of about 200um of diameter around the
focal spot.
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Figure 4.7: Bleaching beam comparison
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Figure 4.7 compares the figure reported by English et al. in the supplementary
material and the performance of our setup. The striking difference is that while
they obtained a decrease in fluorescence when the bleaching beam was switched
on, we obtained a sudden increase. It took us a lot of time to identify the cause
of this. Leakage of laser light to the detection pathway was ruled out by adding
filters and notch filters. Insufficient intensity for bleaching was also ruled out by
turning off the bleaching beam after 10s and measuring the intensity, which was
indeed lower than the initial one. Finally, discussion with the authors pointed
out that the substrat might be excitable at 532nm and that, for the success of
their experiment, the use of a 560nm laser had turned out to be a key issue. In
the absence of such equipment the bleaching beam was abandoned.

4.2.2 Conclusion

Setup 1.0 brought moderate improvements on the excitation and detection effi-
ciency but it was still palgued by a major fault: the use of a home built confocal
scanning procedure made protein search so long and irreproducible that rou-
tine test of surface passivation protocols and quick debugging was impossible.
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Furthermore, even if efficiency had been improved, it was still lower than that
reported in the literature.

4.3 Setup 2.0

4.3.1 Description

It was only in Summer 2007, after a long period of insuccesses that the decision
was taken to review once more the design of this setup. I was to expecially thank
Prof. S. Weiss for the fruitful discussion and the critical approach that he brought
in analyzing the failures of this experiment. Following is a list of the key flaws
that were identified:

e The beam alignment algorithm was not consistent and we had no precise
way to be sure of the alignment. this influenced the quality of our point
spread function (PSF), which turned out to be very important when effi-
ciency was considered.

e Single Molecule Detection had not been validated separately from FCS. In
other words we had never checked that our setup was able to resolve single
fluorescent molecules passing through the confocal volume.

e We didn’t have debugging tools to quickly assess the quality of the align-
ment and the possible sources of noise.

e We had no precise idea of the amount of protein deposited on the surface,
the only quantification being an apriori estimation and the surface scan.
TIRF imaging was added to the setup for this reason.

In some respect the current setup resembles those described in [93, 48], with
some changes that enhance its usability and sensitivity.

Excitation

The excitation patwhway was completely re-designed to improve the quality of
the PSF. A 532 Nd:YAG laser (GCL-532-L, CrystaLaser, USA) provides the
excitation light for fluorescence illumination. The light passes through a 1:1
telescope that corrects the divergence of the beam and is then separated into two
parts by a 50% beamsplitter. Each beam is separately coupled to a single mode
fibre (P1-460A-FC-2, Thorlabs GmbH, Germany) in order to eliminate spurious
higher order spatial modes.

The first fiber is used for confocal illumination. It is coupled to a microscope
objective (L-10X, Newport, USA) to obtain a parallel beam and then is sent to
the dichroic mirror which reflects it into the microscope objective (UplanAPO,
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Olympus, Japan) in order to obtain a diffraction limited spot. The fiber and the
objective are fixed on an adjustable support (F-91-C1 with connector FPH-CA4,
Newport, USA). The use of this piece instead of the alignment mirrors and lenses
improved the overall stability of the alignment as well as the quality of the PSF.

The second fiber is used for TIRF imaging. A lens focalises the light coming
out to the back focal plane of the microscope objective and a positioning stage is
used to displace the incoming beam in order to obtain total internal reflection.

Switching from confocal to TIRF mode is possible by flipping a single mirror
on the excitation pathway. It is important to observe that the most delicate
confocal beam does not need this mirror, which is only inserted when TIRF is
needed.

Sample

The sample is composed by a glass chamber, similar to the one described in
section 6.2.2. A channel is cut into a thin parafilm, and two glass coverslips are
used to provide the lower and upper cover of the channel. Two holes are pierced
in the upper coverslide to allow for exchange of buffer solution. The sample is
firmly attached to the piezo stage which is only used to center the confocal beam
on a precise position in the sample, but not for scanning

Sample
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Figure 4.8: Scheme of setup 2.0
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Emission

On the detection side another flippable mirror was added befor the pinhole, in
order to send the collected light to an EMCCD (Ixon 885, Andor, UK). Another
improvement was the insertion of a quick spectrometer to analize the spectrum
of incoming light. This is obtained by sending the confocal beam through a
diffractive Amici prism which separated the different wavelengths on a CCD
camera (CV-M40, JAI, Denmark). Approximate calibration of the spectrometer
was obtained by sending ligths of known wavelength through the microscope
objective.

4.3.2 Single Molecule Detection

Single molecule detection in bulk was the first achievement of the new setup as is
clearly shown in figure 7?7 which shows the intensity trace recorded by APDs for a
sample containing free rhodamine-6G in solution at sub nanomolar concentration.
Each burst corresponds to the passage of a single molecule in the confocal volume.

4.3.3 Surface preparation

The amount of protein deposited on the surface was qualitatively estimated by
coupling HRP to labeled streptavidin. This showed that the estmated density of
surface protein was actually much lower than the real one (see figure 4.9). We
also observed sticking of product molecules on the surface, which could probably
explain the origin of the disappearing of previously observed surface bright spots.

Figure 4.9: TMR labeled streptavidin molecules specifically bound to PEG-biotin
on the sample glass surface, visualised by objective TIRF. The concentration
of proteins at the surface can be partially controlled by modifying the ratio of
PEG/PEG-biotin used to coat the surface.



4.4. OPEN QUESTIONS AND FUTURE DEVELOPMENT 65

4.4 Open questions and future development

Despite the many improvements and the long development of this setup, not even
the first mileston of observing protein activity in real time has been obtained.
What conclusions ca we draw from this experience? On the project management
side the most important consideration is the experience factor. The project of
an experiment in fluorescence spectroscopy without any previous experience in
the field proved to be too audacious. In particular, untill summer of 2007, inex-
perience had prevented us from clarifying the preliminary goals to be achieved
on the way to activity observation. Inexperience was a major factor for insuc-
cess because we didnt’ know what to benchmark the performance of our setup
against. A clear example of this is the long time that passed before scanning
two photon technique was abandoned because not suited to the experiment we
envisioned. Since discussion with experts proved to be so fruitful, another les-
son to be learned from this experinece is that it should probably have occurred
earilier along the way. Scientific ideas are rooted in dialectic discussion and not
in mere deduction and mind-power, but it is very easy to carve a hole of technical
difficulties. This should have been considered during the months spent to obtain
a properly functioning scanning stage.

On the scientific side, the pursuit of this experiment will have to pass thourh
these intermediate goals:

1. Detection of protein activity in TIRF mode: This will probably require a
change in excitation wavelength (560nm) and possibly the change in en-
zyme system. Two systems which have been successfully used in similar
experiments are Alkaline Phosphatase (AP) [30, 26] and Lipase [37]. Un-
fortunately fluorescent substrates for AP do not exist in the wavelength
used by our setup.

2. Modification of the enzyme for the application of a force. Recombinant
production is essential for this step, which rules out HRP from the list of
candidates. AP, lipase and (-galactosidase all exist in recombinant form,
althought the tetrameric form of the latter, may render the whole modifica-
tion step a little difficult. Attachment of handles is to be done via cystein
modification. Our current protocol for DNA pulling uses Digoxygenin-
Antidigoxygenin for binding DNA to the glass surface and biotin-streptavidin
for binding the DNA to the magnetic beads. If TIRF illumination is kept,
the protien must be within 100nm from the surface, which limits the length
of the DNA linker to little more than one pesistence length or some hun-
dredths of bases. A alternative route would be to directly modify the protein
for Digoxygenin attachment, the feasibility of which is to be explored. The
binding of beads will also imply higher background noise due to light scat-
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tering from the bead. Thiss will be addressed by choosing a DNA linker of
at least 1um in order to keep beas out of the evanescent wave.

. If the previous step is completed, the interpretation of the results will nec-

essarily have to pass through a computational model capable of connecting
structural deformations due to stresses on the protein surface with changes
in the active site configuration and consequently in catalytic activity. This
non trivial step has been partially attacked by our collaborators in [81] but
will demand additional investigation for other protein systems.
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This part is dedicated to the experiments conducted in the years 2007 and
2008, which focused on the torque measurement on DNA. The molecular structure
of DNA confers to the polymer chain both a bending rigidity. While the former
is now quite well understood thanks to the experimental and theoretical effors of
the past 15 years, the latter is less well characterised. This is due to the difficulty
of conducting sensitive measurements as well as to the complications involved in
modelling the problem.

The following four chapters are dedicated to this subject and to the descrip-
tion of the experimental work conducted to address this problem. Chapter 5
will summarize the current knowledge in coarse grained modelling of DNA, with
a particular attention to the open questions regarding torque. Chapter 6 will
introduce DNA micro-manipulation techniques and the magnetic tweezers appa-
ratus in detail. Chapter 7 will present the results of precision measurements we
conducted with the magnetic tweezers, and it will introduce a new method for
estimating the applied torque in MT experiments. The aim of these experiments
was both to validate a new paradigm for torque measurmeent on DNA and to
address the fundamental question of the dependence of the twist rigidity on ionic
conditions. Finally 8 will describe the development of a new apparatus that we
developed to directly measure the torque applied to a DNA molecule.






Chapter 5

DNA elasticity

5.1 Topology of DNA: Linking number, Twist and Writhe

5.1.1 The linking number

The helical nature of DNA has profound implications for its mechanical properties
and for its geometry. Nature is full of cases in which the DNA double helix forms
a closed loop. For example, the genome of a bacteria is formed by a single closed
loop of double stranded DNA; plasmids, small circular fragments, are used by
bacteria to exchange genetic material, and are one of the basic tools of molecular
biology. When DNA is closed in a loop, each of the two strand also forms a loop.
It is not possible to separate the two strands completely, unless we break one of
them. Mathematically this is formalised by defining the linking number Lk as
the number of turns one strand makes around the other. This is a topological
invariant, meaning that it does not change if DNA is deformed unbroken.

In the case of magnetic tweezers experiments, the DNA will not be a closed
loop, but the equivalent of linking number can also be defined based on the
observation that both ends of the DNA are firmly attached either to a glass slide
or to a large bead so that rotation of one strand around the other is forbidden.
In this case the relaxed state linking number is defined as Lkg = Np,/p, where
Ny is the number of base pairs of the DNA fragment used in the experiment and
p = 3.6nm is the helical pitch.

5.1.2 DNA supercoiling

Consider a linear piece of DNA in a sample containing a ligating enzyme. The
chemical reaction catalysed by a ligase consists in sealing the two open ends of
the DNA fragment, effectively forming a closed loop. Due to thermal agitation
there is no reason to suppose that all the loops will be exactly closed so that

71
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the two strands wrap around each other exactly Lky times. In fact, experiments
show that a symmetric distribution [106] peaked around Lky will appear. We
define the degree of supercoiling ALk = Lk — Lkg as the number of passages of
one strand around the other that are needed to go from the relaxed state to the
actual state. This quantity can be positive or negative, depending if turns were
added in the sense of the helix (+) or in the opposite sense (-). We can also
define the supercoiling density o = ALk/Lkg in order to be able to compare the
degree of supercoiling for molecules of different length.

Lk=14

Tw=16

Figure 5.1: A circular DNA molecule in the relaxed state with Lkg = 16. If one
strand is broken, turned two times around the other and then religated a deficit
of ALk = —2 has been introduced in the molecule. This can be absorbed either
as Twist or Writhe or a mixture of both(figure from [61])

5.1.3 Twist, Writhe and plectonemes

Changing the degree of supercoiling of a string remarkably changes its mechanical
properties. The same observation is valid in the case of DNA, where changes in
the degree of supercoiling affect both its local properties and its global confor-
mation. In order to describe the effect of the change in linking number on DNA
structure it is convenient to introduce two more variables related to it: Twist
(T'w) and Writhe (Wr). Twist measures the local action of torsion and is defined
as the number of times a strand wraps around the axis of the DNA filament.
Writhe is related to the global properties of the DNA loop, and it is defined as
the number of times the axis of the helix wraps around itself.

White’s theorem [102] states that these two variables are not independent for
a closed DNA loop, and that their sum is equal to the linking number (Lk =
Tw+ Wr). In the relaxed state the DNA helix forms a loop and writhe is null.
A change in linking number can produce both a change in twist or in writhe
depending on what is energetically favourable. This will depend on internal
parameters like the bending persistence length or the twist persistence length, as
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well as on external factors like buffer salinity or external force.

Fuller [41] obtained an exact formula for the writhe of two different configura-
tions of DNA: the solenoid and the plectoneme. He showed that for fixed writhe,
the configuration that minimises curvature energy is the plectoneme, which ap-
pears to be the state adopted by DNA loops with non zero supercoiling. The
solenoid, energetically less favourable, is also found in nature in presence of bind-
ing proteins, histones, which are of paramount importance for the geometry of
DNA in the nucleus of eukariotic cells.

Equipped with these definitions, we are now ready to begin the journey into
the models that describe the elastic properties of DNA, to which section 5.2 is
dedicated.

5.2 Standard models for DNA elasticity

The mechanical response of DNA to an external force can be characterized to
a great detail borrowing the tools of mechanics of a flexible rod. This is quite
remarkable, since it means that, in first approximation, we can forget about the
molecular structure and in particular about the specific sequence of bases, because
the elastic properties of this polymer are, in first approximation, independent
of it. The bending properties of DNA can be characterised using a particular
length-scale, named the persistence length (A). This length represents the scale
of thermal bending fluctuations. It is about 50nm or 150bp. It is also interesting
to notice that the persistence length is in general quite smaller than the typical
length of a DNA molecule (> 1000bp), so that it will be possible to adopt it as
the monomer unit of a coarse grained description of DNA.

DNA is a double helix and in section 5.1 we emphasised how this has non
trivial consequences with respect to its properties under torsion. This chapter
will show that it is possible to define also a twist persistence length C, which sets

the scale of torsional fluctuations. A measurement of C is presented in chapter
7.

5.2.1 The Freely Jointed Chain Model (FJC)

The freely jointed chain model is nothing more than another formulation of a
random walk in 3D space. A polymer is modelled as a chain of monomer units of
length a, and no self-avoidance is taken into account. Every monomer is free to be
oriented in any direction and its orientation does not depend on the orientation
of the preceding or following monomer.

Call #; the vector indicating the direction of a monomer. A chain of N
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monomer will have average length:

(Fo) = (3 afi) =0 (5.1)

which is zero because of the random orientation of each monomer. In contrast to
this, the mean squared length of the chain is not zero:

N N
(B3) = (D _ali)*) =a*(N + )_ (fif;)) = Na® (5.2)

i=1 ij=1
and it represents the average spread of the chain in 3D space. Here we recover the
well known fact that the mean squared distance in a random walk is proportional
to the number of steps in the walk. The entropy in the presence of an external
force imposing an “end to end” distance (R2> < <R%> on the extremities can

easily be calculated:

kgT =
T () (5.3)
2(R3)

where Sy is the entropy of the free chain in the absence of force. The entropy

S(L) = So — 3

decreases as the square of the “end to end” distance: the number of possible
configurations for the random polymer is decreased as it is obliged to stretch
and align along the direction of the pulling force. This system does not have
any potential energy, thus its free energy is obtained by F = —T'S. Supposing
that the entropy is independent of force, which is the case for small “end to end”
distances, it is possible to write:

o9 —3k€—T<ﬁ> _ kT (R (5.4)
OR (R2) a Lo

where Ly = Na is the maximal extension of the chain. Thus the random polymer
opposes an “entropic force” to an external pulling force. This very simple model
predicts that for small extension the force is proportional to the “end to end”
distance, i.e. that the elastic constant of the “entropic spring” is constant.

The FJC model can also be resolved exactly. Its partition function can be

written as: N
N Facosb; Facosb;
Z= (== wr ) = ([[e 7 ) (5.5)
i=1

where 6; is the angle formed by the ¢-th monomer with the direction imposed by
the pulling force. The product factorises and each single term has value:

Facos 6 1 ™ i Fa cos 6 1Slnh(Fa/kBT)
kpT ) = — fe *BT = _——— —— = 5.6
(e FBT ) /0 sinfe Fs 5 Fa/kpT (5.6)
The partition function is then easily calculated:
1sinh(Fa/kpT
7 = (LomhFa/ksT) (5.7)

2 Fa/kgT
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and the extension as a function of force can be obtained as:

_ O0F 0kpTln(Z) Fa Fa ~ 1 kT

(5.8)

The Kuhn length a, which is twice the persistence length, can be adjusted to
fit the experimental data and we obtain a =~ 100nm, which is consistent with
a persistence length of about 50nm. This model does not seem to fit the SM
experimental data well. It is however a good approximation of polymers when
stretched by a force F' < kpT'/a, and it allows to have an intuitive understanding
of the origin of the “entropic force”.

A 10 F experimental data
FJC model WLC model FJC model
[ WLC model
g
<]
[N
10—1 L

0 0.2 0.4 0.6 0.8 1
Relative extension <z>/Lg

Figure 5.2: RLC and WLC fit of force extension curve (figure from [61])

5.2.2 Worm-like chain model (WLC)

The FJC model can be improved with the introduction of a cost for bending the
chain, i.e. a curvature energy. This simple modification allows to describe very
precisely the behaviour of DNA subject to an external pulling force. The WLC
is defined for a continuum chain, so the relevant variable is the tangent vector
f(s). The energy of the chain is:

E 1 Lo ot FA (o
— ==-A —)ds — —— cos(6(s))ds 5.9
er A [ Goras— g [ eostos) (59)
where the first term is associated to curvature and the second term is the de-
pendence on force. The parameter A is the persistence length, which sets the
characteristic length for the decay of correlations between the orientation of tan-

-

gent vectors along the chain: < #(s)t(s’) >~ exp(—|s — s’|/A). This means that
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the persistence length sets the scale above which bending fluctuations become
important.

The WLC model can be solved exactly [66], even if there isn’t an analytical
relation between force and extension. An approximate relation can however be
proposed [14] which is correct to 0.1%:

CkgT [ () 1 1 @y ~ kpT (2)
F= il at gt 2l | B/ <135
4(1—7) =
Lo
(5.10)

a; are coefficients whose value is ao = —0.5164228, a3 = —2.737418, a4 = —16.07497, a5 =
—38.87607, a6 = —38.49944, a7 = —14.17718, and for small extensions the for-
mula reproduces the result in 5.8 with a = 2A as anticipated. This model is in
excellent agreement with experimental data (see figure 5.2). The value of the
persistence length A can be fitted and is found to be around 50nm for DNA at
physiological conditions, and it is found to vary depending on salt conditions.
This model allows to understand why the FJC is not correctly fitting the data.
The best fit of the FJC model is obtained with a parameter a = 24, i.e. the
chain is considered as a rigid rod on this lengthscale. This underestimates the
bending fluctuations, and the FJC sistematically overestimates the DNA length
for a given force value.

The WLC model neglects the existence of a structural statistical curvature,
due to the local sequence of DNA [27, 66, 71, 9].

5.2.3 High force correction

The WLC describes the entropic elasticity of a DNA molecule in the regime of
small forces (F' < 10pN). When the force approaches this value the molecule
reaches its contour length and it responds to an increasing force by getting
stretched. This effect can be taken into account adding a phenomenological term
inspired by Hooke’s law of elasticity [85]:

L 2
Estreteh _/ 021
0

FnT e Be(s)%ds (5.11)

where p = 3.6nm is the helical pitch and B =~ 78nm is the stretching modulus
and €(s) = % — 1 represent the local stretching at the point identified by the
coordinate s. We observe that as the molecule is stretched the coordinate s is
to be viewed as a parameter, that does not correspond to the position along the
molecule axis u any longer. To give an order of magnitude of this effect, the
stretching of a base-pair by 10% of its usual extension costs 4kgT. This implies
that the stretching observed at the scale of a DNA molecule is typically very
small. The value of B is thus very difficult to measure directly. This regime
describes the elongation of the molecule precisely up to a force of about 65pN.



5.2. STANDARD MODELS FOR DNA ELASTICITY 7

At this force the molecule undergoes a dramatic phase transition and its length
increases of about 70%(24].

5.2.4 Twist behaviour

The response of a molecule of DNA to a stretching force has been characterised
in the previous section. In this section we will concentrate on what happens if
the linking number of DNA is changed, adding negative or positive supercoiling.
In fact, magnetic tweezers allow not only to apply an external force, but also an
external fixed linking number constraint, which will incredibly affect the mechan-
ical properties of DNA. The behaviour of DNA under a fixed torsional constraint
has been characterised extensively in magnetic tweezers experiments, and this
will be summarised below.

Consider a molecule of DNA firmly attached at both extremities. In mag-
netic tweezers experiments, the linking number of the molecule can be externally
imposed through a rotation of the magnets (see section 6.2). This constrains
the DNA molecule into a state of either positive or negative supercoiling and it
modifies its “end to end” extension in a way that depends on force. The typical
shape of the “extension versus ¢” curve is the well known “hat curve”.
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Figure 5.3: Effect of torsion on DNA. A: Extension-Torsion curves. At low force
(F = 0.2pN, red curve), the molecule buckles and forms plectonemes. The curve
is symmetric (n — —n). At intermediate forces (F' = 1pN, blue curve), negatively
supercoiled DNA is denatured, while positively supercoiled DNA still buckles. At
high force (F' = 8pN, green curve), negatively supercoiled DNA is denatured and
positively supercoiled is converted to P-DNA (figure adapted with permission
from [22])

The shape of the hat curve depends on applied force, and three regimes can be
identified. At low forces the hat curves are symmetric for both positive and neg-
ative supercoiling. Starting from the maximal extension for the given force, the
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addition of supercoiling is absorbed by the molecule as an increase in Twist (see
section 5.1). When a sufficient degree of supercoiling is inserted into the molecule,
it buckles, supposedly forming tertiary structures known as plectonemes, and its
length decreases abruptly (see section 7.1.6). This happens because it is energeti-
cally favourable for DNA to absorb the change in linking number as writhe rather
than as twist. As more turns are added, the molecule length decreases linearly.
A simple model can be used to estimate the energy associated with nucleation
of the first plectoneme, modelised as a circle of radius R. The energy is formed
by two terms: the first is associated with the cost of bending the DNA molecule
to form a circle, the second associated with the cost of reducing its extension
against the external force:

Epl = (QWR);I{:iéZ;fl + 27RF (5.12)
For fixed force the radius of the plectoneme is obtained by minimising this energy:
R = \/AkpT/2F. For a typical force of 0.1pN this radius is about 30nm and
the associated energy about 40pN nm = 10kgT. Using this equation, a rough
estimate for the buckling torque can be calculated, once the energy associated
with torsion has been defined. This can be done as follows. Cosider turning of
an angle 6 one of the extremities of a molecule of length L, while holding the
other firmly. This corresponds to a change in torsion ATw = 6/2x. The energy
associated with this torsional change is:

kpTC6H?

where C' =~ 100nm is the torsional persistence length of the chain, which is a
measure of the torsional rigidity of the moleucle. As we will shortly see, the
torque exerted on a molecule can be defined as I' :== —0Fy,,/06. At the buckling
transition the energy associated to the increase in twist must be equal to the
energy associate with the formation of a loop :

21T, = 2m\/2F AkgT (5.14)

This simple model has recently been challenged in [65], and section 5.3 will in-
troduce the changes proposed. Here we observe that it gives a prediction against
which torque measurements can be compared.

5.2.5 Behaviour of extension as a function of force and linking number

As force is increased above 0.5pN the behaviour of the hat curve changes dramat-
ically when adding negative supercoil. The reduction in linking number is not
absorbed in plectonemic supercoils but in local denaturation. It becomes energet-
ically favourable to unwind the two strands rather than bending the double helix
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to absorb the change in linking number as writhe. The critical torque necessary
to open a denaturation bubble can be estimated considering that the opening of
a bubble absorbing ALK = 1 costs an energy of about AE; = 20kgT. This
implies a torque I'y = AFE;/2m ~ 13pN.nm for each turn of negative supercoil
added to the helix. The buckling torque for plectoneme formation is higher than
this value, for forces of about 0.5pN. When the torque reaches this critcal value
every additional turn opens a denaturation bubble of about 10.4bp.

For forces > 3pN, a transition is observed also with the addition of positive
supercoiling, and almost no reduction of extension is observed for positive su-
percoling as well. This region corresponds to a change in structure of DNA to a
form called P-DNA. The torque associated to this transition has been estimated
to be I'p_pna ~ 34pN.nm [18]. When the force is sufficiently high, the torque
imposed on DNA reaches this value before the buckling instablity and it becomes
energetically favourable for DNA to change its structure rather than to bend its
backbone.

5.3 More elaborate models

A general framework for modelling the behaviour of a DNA molecule suject to an
external force and a fixed Linking number constraint was proposed by J. Marko
in [65]. Here we will summarize the proposal which will be then used in chapter
7 to estimate the torque acting on a DNA molecule.

Suppose that the free energy per length F(F,o) of the DNA molecule as
a function of stretching force (F') and degree of supercoiling (o) is known. The
average extension of the molecule and the average torque applied can be obtained
by derivation of F with respect to the conjugate variables:

(z) OF

> 2L 5.15
L OF ( )
1 0F
r = —— 5.16
wo do ( )
(5.17)
where wy = 27/3.6nm is a constant to obtain the value of torque (in fact

woo = (2m/p)(nL/p) = O/L i.e. the twist angle normalized by the length of
the molecule). These equations are the starting point of tall the work done in
chapter 7 so let us look at them in more detail. The first equation was encoutered
before and states that the average extension of the molecule is equal to the deriva-
tive of the free energy with respect to force. Since force extension curves are well
measured and acharacterized by the WLC model, equation 5.15 implies that the
free energy F(F, o) must reduce to the WLC free energy when o = 0.The second
equation is interesting for two reasons: first of all it formulates a predition on the
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dependency of torque as a function of F' and o if F(F, o) is known; secondly it
can be used to estimate the value of torque if (?d% is experimentally measured.

5.3.1 Construction of F(F, o)

The exact form of F(F,o) is not known. In [65] the author proposes a simple
model that allows analytical treatment and thus allows to formulate predictions
against which experiments can be compared. The author proposes to consider
DNA under the action of force and fixed linking number constraint as a mixture
of two distinct phases: one of purely stretched DNA and the other of purely
supercoiled DNA. This formulation, which is borrowed from the description of
mixed phases for gases, is a first order approximation, and the free energy is
written as:

F(o) =xs8(0s) + (1 — x5)P(op) (5.18)

with the condition
o=x50+ (1 —x4)0p (5.19)

xs is the fraction of DNA that is a purely stretched with free energy S(o)
and (1 — x5) the fraction of purely plectonemic DNA with free energy P(o).
The construction makes sense when the two pure state free energies cross each
other for a certain value of o. This is the case for DNA, where at low o the
stretched molecule absorbs additional linking number by twisting, and at high o
the stretched molecule buckles to form plectonemes and stretching is absorbed
by writhe fluctuations.

Due to the condition 5.19, the free energy of the mixed state in equation 5.18
depends linearly on the parameter ¢. This is important because it implies that
the extension versus force curve z/L = _%: will depend linearly on o in the
mixed phase. This is indeed what we observe in the curves in section ?7. It also

implies that torque is constant in the mixed phase.

5.3.2 Explicit forms for the free energies of the pure states

Stretched DNA can be described by the WLC model of section 5.2.2. An approx-
imate formula for the twist contribution to the free energy of stretched DNA at
large forces was prposed by Moroz and Nelson [68, 69]:

T
. © [kBT
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Smn(0) = =0* +0o(c") with cs=c¢ A\ ar

5 (5.20)

where ¢ = k:BTCwS and wy = 27/p. This formula gives an elastic form for the
free energy dependence on twist, with a coefficient ¢; that depends on force. The
value of the coefficient c; decreases with force because excess twist is partially
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Figure 5.4: Double tangent construction (figure from [65])

absorbed into writhe fluctuations. To describe the stretched twisted DNA, J.
Marko thus proposes to use a free energy of the form:

S(F,0) = Suie(F) + Soun(F,0) = —F + \/f e [1 - 154\/?} o2 (5.21)

This equation contains also an approximate formula for the WLC energy is com-
patible with formula 5.10 for forces higher than 0.3 pN.

The dependence of the free energy of supercoiled DNA on linking number
density is very difficult to calculate exactly. In fact self avoidance becomes rel-
evant in the calculation of the entropy of a plectoneme and only approximate
results exist. The form suggested in [65] is the following:

Plo) = Lo? (5.22)

which corresponds to the first term of an empirical series expansion obtained with
montecarlo simulation [55, 96].

This formula depends on the empirical parameter p = kT Pwj which corre-
sponds to the twist persistence length of plectonemic DNA. Values for P in the
range 20 — 30nm have been proposed, but a detailed test of the validity of this
approach is missing.

Equation 5.22 was obtained from an empirical expansion to second order in
o from Monte Carlo simulations on supercoiled DNA. The inclusion of only the
quadratic term in the energy of the plectonemic state is justified by the desire to
have an analytically solvable. The effect of this truncation is probably negligible
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for small values of ¢ but it may become important as ¢ is increased. As we shall
see this theory does not correctly predict the variations of DNA extension as a
function of . The article presented in chapter 7 presents the results of a new set
of measurements that cannot be correctly fitted unless terms of higher order in
o are included in formula 5.22. However, the introduction of these higher order
terms implies the introduction of additional parameters, whose physical meaning
is less clear.

With the caveats just discussed, the free energy of the mixed state can be
written explicitly by eliminating the parameters o5 and x4

~Sute(F) + bes(F)o?, o] < low(F)I,
S’UJC ch
F(F.0) = -2l g [P0l oy(F)| < |o] < |op(F)],  (5.23)
Lpo?, o] > |op(F)],

and the torque dependence on force and degree of supercoiling can also be ex-
plicitly calculated as:

cs(F) /wo, o] < los(F)],
T(F,0) = { 1w/ Z25EL o ()| < |o] < |op(F), (5.24)
p/wo, o] > |op(F)],

It is important to observe that these formulas depend on three free parameters:
A (the bending persistence length), C' (the twist persistence length) and P (the
plectonemic twist persistence length). A appears alone in the formula of the WLC
model for the extension of torsionally relaxed DNA, and can be fitted separately.
C appears in formula 5.20 in combination with A, in the region of ¢ less than the
buckling transition. We can thus fit a single variable which is a combination of A
and C in a fixed ratio. Finally, P appears only in the mixed phase and its value
can be fitted once the values of A and C have been independently measured.

5.3.3 Complete model: RLC

Finally a model which includes thermal fluctuations has been proposed in [16].
The model, called Rod like chain (RLC) describes DNA as a semi-flexible poly-
mer, integrating its curvature energy. This model gives a slightly different pre-
diction for the twist persistence length C' with respect to the model of Moroz and
Nelson [68]. In fact the value of C=86nm [14], which is slightly lower than the
C=110nm found in [68].

Finally, Monte Carlo simulations allow to model the behaviour of stretched
and twisted DNA [97]. In simulations the effect of self avoidance can be taken
into account, which becomes more and more important as writhe is accumulated
in the polimer. These simulations gave an estimation for C' = 75 £+ 15nm.



Chapter 6

Single molecule
micro-manipulation techniques
and the magnetic tweezer

6.1 Brief summary of Single Molecule pulling techniques

6.1.1 History

DNA micro-manipulation techniques(see [72, 43]) appeared at the beginning of
the 1990s [86]. They are all based on the same principle of attaching a DNA
molecule to a rigid surface on one side and to a movable element on the other.
The movable element both enables the application of an external constraint as
force or torque and it acts as a transducer for the measurement. The measured
variable is the DNA’s extension as deduced from the distance of the transducer
to the attachment point at the other end of molecule.

A S B laser beam C D > 7magn9t5
: @t L

optical T .;;
fibre DNA 0 T F ﬂinj!mmr
F <U cantilever DNAé E DNA
= DNA é i B
objective ~= micropipette objective

Figure 6.1: DNA micromanipulation methods. A: Optical microfibers, B: Atomic
force microscopy, C: Optical Tweezers, D: Magnetic Tweezers. Figure adapted
from [61]
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6.1.2 Optical microfiber

This technique consists in holding the DNA between a glass micro-pipette at one
end and an optical fibre at the other end (see fig 6.1A and [24, 58]). The pipette
is then displaced with a micro-metric stage and the DNA molecule is stretched
between the fibre and the pipette. The fibre itself will also move, subject to
the pulling force, and we can monitor its position by illuminating it with a laser
beam and collecting the light with a microscope objective. The applied force
will be proportional to the bending rigidity times the displacement of the fibre
and we can thus deduce the force. The bending rigidity can be calibrated using
an external force of known value such as stokes drag resulting from a flow or
using a fiber of known rigidity as a calibration tool. The length of the molecule
can be deduced measuring the relative position of pipette and fibre. The spatial
resolution of this technique is about 10nm and the force stiffness is between 1072
and 107% N/m [24, 36].

6.1.3 Atomic Force Microscopy

Atomic force microscopy was first invented to probe surfaces with atomic reso-
lution [12]. Its working principle is similar to that of music vinyl discs: a tiny
cantilever is held close to the surface being scanned and a laser beam is shone
onto it. The deflection of the cantilever deviates a reflected laser beam from its
equilibrium position on a light detector. AFM tips can be coated with different
kinds of proteins in order to be able to attach a biological molecule. With this
functionalisation, a molecule of DNA or a protein can be suspended between the
AFM tip and a rigid surface. As for the micro-pipette technique, displacing the
surface with respect to the tip will stretch the molecule and deform the cantilever.
Force measurements can be obtained calibrating the deflection against a known
force and measuring the stage displacement. Typical AFM cantilevers are about
100 pm long, 5 pum large and about 100 nm thin [95], although even smaller
cantilevers have been recently reported [107]. The typical stiffness of AFM varies
between 1 N/m and 1073 N/m.

6.1.4 Optical Tweezers

Optical tweezers use light to trap a small particle in three dimensions. They were
first proposed in 1978 [4] and realised in 1986 [5]. In an optical tweezers setup,
a powerful laser beam is focused to a diffraction limited spot through a high
numerical aperture objective. Trapping is due to the spatial gradient in light
intensity and acts in the direction of that gradient. A stable trap is obtained
when that force is larger than the radiation pressure. A thorough review on
optical tweezers is [91], more recent ones are [44, 67, 72, 43]. Optical tweezers
have been used to trap bacteria and cells directly [5] or to trap small dielectric
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particles which are then used as handles. Micro-spheres are now routinely used in
optical tweezers setups. Their surface can be coated in a variety of ways to make
them usable as handles to attach biological molecules. Optical tweezers can trap
objects as small as 5 nm and can exert forces as large as 100pN with resolutions
as fine as 107*pN (see [44, 67, 72]).

The position of a bead in optical tweezers is confined in all three dimensions,
and can be measured in different ways. The first setups used video microscopy
and single particle tracking to monitor the position of the bead. This method
is affected by a low bandwidth, due to the limited acquisition frequency of the
camera. A faster and commonly used solution is to conjugate the position of
the trap with a quadrant photodiode. When the bead is in the centre of the
trap the voltage is the same on all four quadrants of the photo-diode; for small
displacements the voltage difference of two opposite quadrants is proportional to
the displacement. Although this second method demands a precise calibration
in order to relate the displacement to a voltage difference, it provides a higher
bandwidth. The spatial resolution that can be obtained with this method is of
about 1A4.

Optical tweezers impose a fixed position to a bead. Upon application of an
external force on the trapped bead, it is displaced from its equilibrium. Knowing
the trap stiffness and measuring the displacement allows to estimate the applied
force.

Recent developments involve simultaneous trapping of many particles as well
as the possibility to move the position of the trap in the longitudinal direction
through the use of olographic filters (see [44] and references therein). Other
possibilities involve the use of polarised light to transfer angular momentum to
anisotropic particles, in order to apply a torsional stress to a biological sample.
An example of this technique is reviewed in section ?77.

6.2 Magnetic Tweezers

Magnetic tweezers are based on a simple principle: a DNA molecule is attache
to a superparamagnetic bead on one side and to a glass surface in an inverted
microscope sample on the other side. A couple of permanent magnets placed
above the sample generates a magnetic field in the horizontal direction. The
bead is simultaneously subject a vertical pulling force due to the gradient of
the magnetic field and to a torque that fixes the orientation of its magnetic
moment in the horizontal direction of the magnetic field (see section and [42] for
a quantitative description). The magnets poles are separated by a fraction of
mm, which determines the scale of variation of the resulting magnetic field. This
implies that the field is essentially uniform at the scale of the bead (um) and the
force is thus constant. This can be varied by varying the distance of the magnets
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from the sample. A torsional constraint can be imposed changing thedirection of
the magnetic field. The bead acts both as force transducer and as position sensor.
In fact, its position is monitored in realtime through a microscope (typically at
a frequency of 60Hz) and the force is calculated from the Brownian movement of
the bead (see section 6.2.7 for a detailed explanation of the measurement principle
principle). Typical resolution for the position measurement is 1-2 nm, while the
resolution for the force depends on the acquisition time and on the bandwidth of
the camera. The force range is between 0.01 pN and 100 pN, depending on the
bead size.

The first use of magnetic beads to manipulate DNA dates back to 1992 [86],
when the group of C. Bustamante used them to obtain the first measurement
of the elasticity of a single DNA molecule. Their technique used a couple of
magnets to hold the bead and a viscous flow to stretch the molecule. Since then,
the technique has been pursued by different experimental groups, leading to the
development of an apparatus that goes under the name of magnetic tweezers [88].

6.2.1 Description

The working principle of the static magnetic tweezers is extensively described in
[87, 42, 61]. A part of my PhD thesis consisted in the improvement of this device
to allow for torque measurement. I will detail here some technical information to
introduce the reader to the standard magnetic tweezers apparatus. This will be
helpful in the chapters 7 and 8, when the torque measurements will be presented.

Figure 6.2: Ensemble view of the Magnetic Tweezers apparatus developed by
PicoTwist (picture courtesy of www.picotwist.com)

The first magnetic tweezers were built adapting commercial inverted micro-
scopes with the addition of magnets suspended above the sample. Experience
showed that the main problem with commercial devices were thermal drifts of
the microscope. These pose a serious problem, since the measurement of force
in magnetic tweezers relies on the precise measurement of the molecule length.
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This lead to the design custom built device (currently commercialized by Pi-
cotwist (www.picotwist.com)). The main difference of this device with respect
to a commercial microscope, consists in a careful choice of the materials for the
support of the objective and sample that allows for the compensation of thermal
drifts.

6.2.2 Sample

The chamber where the DNA will be manipulated is made using a glass micro-
scope cover-slides. One of them has two holes, Imm in diameter, that are pierced
using a sand blower. These two slides are held together to form a chamber by a
piece of double sided adhesive tape or Parafilm (Alcan Packaging, Canada), in
which a channel 4 mm wide and 40 mm long is cut. The union of the three parts
yields a sealed chamber with an entry and an exit. Toroidal rubber joints are used
to connect the chamber thus prepared to a plexiglass reservoir and a rubber tube
that allows to exchange buffers and to infuse enzyme and other reagents into the
micro-channel (see figure 6.3). The device is easily prepared and can be used for
a month. Since the strength of the pulling force depends on the distance between
the magnets and the beads, it is of the greatest importance to reduce the height
of the chamber to the minimum. For high force applications, a different chamber
can be prepared, in which the top part is obtained using a stretched mylar film.
Its thickness of 50um is much smaller than the 170 microns cover-slides, allow-
ing for even higher forces to be reached without increasing the magnetic bead
size. In fact, since the force is measured using Brownian fluctuations of the bead,
increasing the size of the bead increases the time needed to average out Brown-
ian fluctuations. This chamber imposes a minimal bead/magnets separation of
100pm allowing to exert forces up to 15pN for a 1pm bead (MyOne, Dynal).

Figure 6.3: The magnetic tweezers slide (picture courtesy of www.picotwist.com)
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6.2.3 Thermalised stage

The sample chamber is held above the microscope objective by a thermally sta-
bilised stage which encloses the objective and which allows for horizontal micro-
metric displacement of the sample. Thermal stabilisation is achieved with two
Peltier cells that connect this piece with the main body of the device, allowing
for a stabilisation within 0.01 degree. However, this is not enough to completely
eliminate the drifts due to thermal dilatation, which are of the order of 1 um per
°C. Thus, to further increase the position stability, a compensation system is
used: the objective is mounted on a ring that compensates for its dilatation, so
that the distance between the focal distance is kept constant at the nanometre
scale. The couple objective-compensation ring is placed on a piezoelectric holder
with capacitive closed-loop position control. This allows to set the position of the
microscope objective with respect to the sample plane with nanometre precision.
This is used to calibrate the images for position tracking along the axial direction.

6.2.4 llumination

The illumination of our device must be optimized to form diffraction rings around
the beads that are used to determine the longitudinal (z) distance of the bead
from the focal plane. The light must be sufficiently coherent to produce nice rings
around the beads but not too coherent to produce diffraction patterns around
distant features like dust particles on the upper surface. A convenient choice
consists in focalising the light coming from a red Light Emission Diode (LED)
and in imaging the focal plane on a CCD camera (JAI CV-M30) with 60 Hz
frame rate.

6.2.5 Realtime tracking

The images acquired on the camera are used to track the position of the bead in
3D in realtime, and exploit the diffraction rings formed around the bead [73]. The
centre of the bead on the XY plane is first obtained. Then the rings are used to
obtain the Z coordinate. In fact, the further the beads are from the focal plane,
the larger are the diffraction rings. It is then possible to calibrate the changes in
the size of the diffraction rings against known distances and then use an inverse
algorithm to deduce the Z position from the rings size. It is necessary to repeat
a calibration procedure when a new bead is found, which consists of stepping
with the piezoelectric holder in regular steps and acquiring some images at each
step. The images are then averaged and filtered and finally the radial profile of
the rings is measured. This gives us a function that correlates Z positions with a
particular radial profile. It is then sufficient to calculate the profile of the rings at
each detected frame, and use an inverse procedure to deduce the relative distance
between the bead and the focal plane of the objective. Since the objective and
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the sample stage are held at rest, this gives a measurement of the position of the
bead in the longitudinal direction.

Finally, the process can be further improved tracking simultaneously two
beads, one of which is firmly attached to the glass surface. The position of
the two beads can thus be simultaneously measured allowing us to essentially
eliminate any drift of the mechanical parts of the microscope.

A

comparaison

Image de Image a
calibration l'instant t

Figure 6.4: Position tracking principle: A: Measure in the XY plane. the position
of the centroid of the diffraction rings is recorded for every video frame. By
correlating the intensity radial profile at time t with that at time t=0 we obtain
the displacement of the bead in the XY plane. B: Measurement along the optical
axis. Before each experiment the relative distance of the bead from the focal plane
is varied while keeping the bead at a fixed position and changing the position of
the microscope objective. A set of calibration images is obtained, by recording
an image at each objective position. During the experiment, the bead image
is compared in real-time to the calibration images allowing to reconstruct the
longitudinal position of the bead

6.2.6 Force application

A couple of permanent magnets (NeFeB) is positioned above the sample with the
opposite poles facing each other and a gap smaller than a mm in between. The
generated magnetic field is horizontally oriented and its value is around 1 Tesla
at the centre of the gap. Its strength decreases almost exponentially along the
optical axis z. The size of the gap sets the typical lengthscale for the exponential
decrease.

The magnetic beads used are made of a super-paramagnetic material, with
very high magnetic susceptibility and almost zero permanent magnetisation. In
practice, the beads are composed of a mix of ferromagnetic nanocrystals, sus-
pended in a non-magnetic matrix [74]. These nano-domains are small enough
to lose their magnetisation under the effect of thermal fluctuations. When a
bead is immersed in a magnetic field, it acquires a magnetic moment com-
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posed of two contributions: the first, most important (of order 10~ Me.m.u. =
10714 A.m?) is aligned along the magnetic field. The second, much weaker (of
order 10~ Be.m.u. = 107164.m?) | is aligned along a direction of preferential
magnetisation, which is fixed with respect to the bead and is due to a slight
anisotropy in the distribution and orientation of the magnetic nano-particles.
The anisotropic contribution creates a torque, of order 10*pN.nm that tents to
align the direction of preferential magnetisation with the external magnetic field.
In the classical magnetic tweezers here described, this torque exceeds by at least
two orders of magnitude all biologically generated torques. This means that beads
will always align with the external magnetic field.

The magnetisation curve of the magnetic beads (MyOne, Dynal), follows a
classical Langevin law. The interaction between the magnetic dipole formed i
and the magnetic field B generates a force f = (ﬁﬁ)g and a torque I' = i x B.
As we have mentioned, the magnetic torque tends to align the direction of the
preferential axis of the bead with the magnetic field, while the force is vertical and
tends to attract the bead towards the magnets. We can thus estimate quite simply
the force applied to the bead by measuring the distance of the magnets from the
beads and using the magnetisation curve given by the producer. However, this
estimation is not sufficient to determine the force on the bead accurately, due
to small dispersion in bead size and magnetization, of the order of 15%. We are
thus obliged to measure directly the force. To that purpose we use the Brownian
fluctuations of the bead and the theorem of equipartition of energy.

6.2.7 Force Measurement: Time Analysis

Let’s first have a look at the movement of the bead. The tethered bead is subject
to the external magnetic force, to the tension of the DNA molecule and to thermal
shocks from Langevin force Fy. The viscous drag, in the approximation that the
bead is far from the surface is given by the Stokes formula: F,, = 67nro ([91, 82]).
Under the action of the stretching force, the DNA molecule behaves like a spring
that tends to recall the bead to its equilibrium position. Let’s look at fluctuations
in the XY plane. Consider a small displacement dx of the bead from the vertical
of the attachment point on the surface: the stretched DNA molecule will react
with a force 6F = Fox/(z) along the x direction, because the tension T" of the
DNA molecule will tend to equilibrate the pulling force. We can thus write the
following equation for the movement of the bead along the x axis:

oz

kyx + 6701 5

=Fr, (6.1)
Where k; = F/(z) is the spring constant of our system and the mass term can be
neglected because it’s negligible with respect to the other terms. In other words
we are considering a Low Reynolds number regime.
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The theorem of the equipartition of energy establishes that the mean value
of the energy for each degree of freedom is equal to %kBT. If we apply to the
position z of the bead we obtain:

1 1 _ 1 F(02?)
ghBT = gha(0a®) = 5= (022)

This tells us that we will be able to measure forces by measuring Brownian

(6.2)

fluctuations in the transverse plane and the average length of the molecule. This
also tells us that the higher the force, the smaller the fluctuations, and vice-versa.
To estimate the statistical averages (z) and (dz?) and eliminate drifts and other
systematic problems it is advantageous to work in Fourier space.

6.2.8 Force Measurement: Fourier analysis

Equation 6.1 becomes:
(ke + 127200 f)d = Fr 4 (6.3)

b

where f is the frequency in Hz and “ 7 indicates the Fourier transform. The

fluctuations power spectrum is:

_ 127%kpgTnr 1
k2 1+ (f/fo)

where we used the fact that the Fourier transform of a convolution is a product,

|22 (f)|

(6.4)

and since the correlation function of the Langevin force is a delta function, its
Fourier spectrum is a constant white noise of amplitude: |F gx| = 12mnrkpT.
The spectrum of fluctuations is a Lorentzian with a cut-off frequency fo =
ki /12%nr = F/(1272nrz). Above this frequency, fluctuations are damped by
the viscous drag of water, which implies that it is not necessary to have an infi-
nite bandwidth in order to measure cluctuations correctly. In fact, it is sufficient
to measure the position of the bead with a frequency f,.4 large with respect to
fo in order to correctly sample the signal, because the contribution of frequen-
cies higher than fy is negligible. Nevertheless, when the cut-off frequencyis of
the order of the Nyquist frequency fnyquist = facq/2 or larger it is impossible to
measure correctly the force exerted on the bead [77].
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Figure 6.5: Measurement of force using transverse fluctuations. A: the DNA-
bead system. B,C,D: experimental data. B Transverse fluctuations of the bead.
C: Spectrum of fluctuations of transverse position of the bead. D: Force extensio
curve for a double stranded DNA molecule. (figure adapted from [61])
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Measurement of torque with magnetic tweezers
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We measured the extension change of a single DNA molecule trapped in a magnetic tweezer for
different values of supercoiling density and in different ionic conditions. Using the method proposed
in 7?7 we estimated the value of torque applied on the molecule in previously unprobed small force

regime.

PACS numbers:
Keywords:

In all living organisms DNA is twisted. This is the
result of the activity of enzymes, named topoisomerases,
that regulate the torsional state of DNA. A torque in
DNA is then required for DNA’s biological activity.
Torque does not only affect DNA elasticity and structure
[1? —3] but also many cellular processes are influenced
by DNA supercoiling, or a torque in the molecule: DNA
replication, DNA transcription[4] and repair [5], DNA
compaction [6] and chromosomal condensation[7]

Experimentally torque in a DNA molecule can be con-
troled by modifying its linking number, i.e. the num-
ber times of the two DNA strands are intertwined [8, 9].
Nevertheless, because of DNA elastic properties, the link-
ing number is absorbed bt DNA partly as pure twist
and partly as writhe. Since only the twist contributes
to torque, for a given linking number, torque will de-
pend on the possiblity for the molecule to bend on it-
self to accumulate writhe, and thus it will depend on
the force applied on the molecule. For this reason, and
because they allow a simpler way to modify the link-
ing number than classical biochemical experiments, mi-
cromanipulation experiments provide a more direct ap-
proach to investigate the role torque in the structure of
a DNA molecule [1-3, 10] and its role in DNA /protein
interactions [11-23]. In particular the magnetic tweezers,
where a DNA molecule is attached between a glass sur-
face and a magnetic bead, has proven to be a simple way
to induce a torque in a DNA molecule. In these experi-
ments, a magnetic field control the pulling force on the
molecule but also the variations of the linking number.
As mentioned above, the torque is not a simple combina-
tion of these parameters and thus its measurement is not
direct. This limitation can be overcome by other tech-
niques. Bryant et al.[2] have used the rotational drag of a
small bead bound to a nicked DNA molecule (a molecule
with a break in one of its two strands allowing the re-
laxation of the torque) to deduce the torque applied to
the segment of DNA that could be twisted. Deufel et
al.[24] used polarized light to apply a control torque on
anisotropic particles trapped in an optical tweezers. The
quite complex experimental approaches required for these
measurements, as well as their difficulty to explore low
(< 1pN) force ranges, call for new torque measurement

strategies that are both simple to implement and suit-
able to low force regimes. The method exposed in this
paper meets both requirements, since it uses a standard
magnetic trap set-up that is technically simpler and bet-
ter suited to measure low forces. In the following we will
show that this set-up can be used to determine torque
on DNA (albeit not via the angular fluctuations of the
trapped bead), allowing one to obtain an independent es-
timation of biologically relevant mechanical parameters,
such as the critical torque for denaturation and the DNA
twist modulus C.

This torque measurement method is suggested in a re-
cent pubblication by Zhang et al.[25]. The authors no-
ticed that the free energy F of a twisted and stretched
DNA molecule can generally be written as a function of
both controlled variables: the force F' and the number of
turns n (or total rotational angle: 6 = 27wn) as F(F,0).
Since the mean extension of the molecule at a given force
is: | = —0F/OF and the mean torque is 7 = 9F /00,
one readily derives an expression for the mean torque at
a given force 7(F, 6) from a measurement of the decrease
in extension with increased coiling 0l/06:

T(F,0) = 7(Fy,0) — /F dF’ ((%)F (1)

Fo

Since the angular rotation is known and the force and
change in extension with rotation are easily measurable,
the determination of the torque difference is reduced to a
problem of sampling these variables finely enough to esti-
mate the above integral with sufficient precision. The in-
tegration constant 7(Fp, 8) is a priory unkonwn, but can
be determined or measured in different ways. As we will
see below, our procedure allows to estimate this constant
by using the observation that 7(Fp, #) varies linearly with
0 (before the buckling transition) and the requirement
that 7(Fp,0) = 0.

We measured the extension of a DNA molecule (of to-
tal length Iy = 17.8kb ~ 6um) in various salt conditions
and for different values of force F' and degree of super-
coiling o (= nh/ly, where h = 3.6nm is the DNA pitch),
see (Fig.1). Such measurements have been described
before[l, 26]. Briefly at low forces (F' less than about



0.4pN) the curves are symmetric. The extension is max-
imal at ¢ = 0 and decreases non-linearly at small values
of o due to twist fluctuations[27, 28]. Past the buckling
threshold (at o = 04), the molecule coils on itself with a
constant slope (0l/00) to form tertiary structures known
as plectonemes or supercoils. While below buckling (i.e.
when o < o) the torque increases with increased rota-
tion, it is constant in the plectonemic regime[29] (when
o > o). For larger forces the curve becomes asymmetric
as DNA denatures for negative supercoilings at a criti-
cal torque [2? |(i.e. when o < —o4). For this reason
we have estimated the torque only for positive degrees of
supercoiling, although this estimate should also be valid
at low forces for negative supercoilings.
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FIG. 1: (upper) Variation of the mean relative extension of a
DNA molecule I/ly as a function of the degree of supercoiling
o = nh/ly (with h = 3.6nm the DNA pitch) for the 100mM
NaCl series. The torque at point D is obtained by integrating
Eq.1 from A to B and from C to D and taking into account
that the torque in the plectonemic regime at fixed force (i.e.
between B and C) is constant. Lower part shows the recon-
structed torque curves.

One difficulty in the estimation of torque from Eq.1 is
that derivating experimental data results in a very noisy
signal. To overcome this problem we tested two different
strategies (see below) to obtain a smooth determination
of the derivative % at each measured value of force and

sigma. The first strategy consisted in fitting each hat
curve to a quadratic polynomial in ¢ when —oy < 0 < 0
and to a linear polynomial when ¢ > o.

2
l(O’) _ {bo + byo

ap + a,o

—0g <0 <0y
(2)

o> 0g

The value of o is then defined as the intersection point
of the two curves. To compute the torque at various
forces and degrees of supercoiling, we then start from
the highest stretching force (Finq: = 3.9 pN in the se-
ries shown in fig 1) and the highest torque state in-
vestigated, namely point A at the buckling transition
(0 = 0s.maz) in Fig.l. The absolute value of torque
in A is unknown and it will play the role of the con-
stant 7(Fp,0) in Eq. 1. We then compute the change
in torque at point D (for which 0 < 0 mas), by inte-
grating Eq.1 along path AB (a path of constant o but
varying force, see Fig.1) from F,,,, to Fp. Taking into
account the fact that the torques at points C and B are
equal, we can then calculate the torque difference along
the path CD from force Fo = Fp to force Fp along
the path of costant sigma oo = op, and substract it
from the previous quantity to obtain the torque differ-
ence AT(Fp,op) = 7a(Fmaz, Omaz) — To(Fp,op). Hav-
ing recorded a large set of curves we can repeat the proce-
dure extending the integration to lower and lower values
of force and o. Notice that due to the choice of fitting
procedure, the first integral involves integrating only on
the slopes of the linear parts, while the second integral
only concerns integrating on the derivative of the curved
parts:

al Fp=Fc¢c Fp
/ Zaf = a1 (F)dF+ /
A

Bcp 00 Fa Fp=Fc
(3)

With this procedure it is important to chose the value
of Fg so that the buckling point os(Fg) corresponds to
the desired point op. This method allows the estimation
of TVSo curves at different forces and the results of this
procedure are shown in Fig.2.

This strategy obliges a quadratic fit on the top part of
the hat curve, and expecially at low salt the fitted hat
curve and the real data do not perfectly match at the
buckling transition (see inset in Fig 1). Furthermore, at
low force where the curvature of the hat is large, it was
not always possible to determine an intersection of the fit-
ted second order polynomial and the fitted straight line.
We thus devised a second strategy to obtain the value of
the local derivative at each data point, without assump-
tions on the global shape of the hat curve. We fitted a
polynomial of order 2 using the 2 nearest neighobours on
each side and taking the derivative of the fitted curve as
a good estimation of the local derivative. This procedure
is called Savitzky-Golay derivative smoothing ?? and it

2y (F)oy(Fig)dF
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FIG. 2: Comparison of the two methods used to obtain a
smooth derivative of the extension versus supercoiling curves
(F = 3.0pN and F = 0.74pN are shown) . The two methods
yield very similar results, and are both affected by an overes-
timation of torque in the low o region. The red line shows a
linear fit to the upper part of the reconstructed curve. This
linear fit will be used to determine the unknown offset and to
correct the low o region.

yields a numerically calculated local derivative which is
more well behaved and less affected by noise due to dis-
crete sampling. This can be used directly to calculate
the integral in equation 1. Figure 2 shows some curves
obtained with this method and the two methods agree
withing +1pN.

The methods described yield torque differences and the
only unknown, the torque at point A, can be determined
by the requirement that 7(F,0) = 0. We decided to es-
timate this by fitting a straight line to the top part of
the angular variation of torque (its dependence on o) for
the largest values of force calculated. We observe that
the low o part of the obtained curves, seems to depart
from the expected linear behaviour [29], tending to satu-
rate towards a higher value. We thus decided to proceed
as follows: we reconstructed the angular dependence of
torque for the highest available force before the transition
to P-DNA and took it as reference. The low sigma part of
the curve was rejected, and replaced with the line fitted
on the high sigma part of the angular dependence before
the buckling transition. The obtained patched curve was
taken as reference curve and all the other curves of torque
versus o were obtained in the usual way by integrating
on smoothed derivatives as previously described. This
procedure yields similar curves and does not alter the

0.05

value of critical torque (see below), but it corrects what
we think is a sistematic overestimation of torque at low
values of sigma. The curves displayed in the lower part
of figure 1 are obtained with this method and they qual-
itatively agree very well with previously measured data
[30]. There seem to be an difference in offset (e.g. our
torque curve at 3pN agrees well with their data at 2pN),
which could indicate that our estimation of the offset is
not correct (more on this below), or a problem in the
measure of force.

C dependency Force (100mM NaCl)
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FIG. 3: Variation of the torsional persistence length of DNA
with force (data shown for the 100mM series. Inset: depen-
dence of average C (1pN< F' < 3pN) on ionic conditions.

The slope of these curves yields the value of the effec-
tive DNA twist persistence length as a function of force,
after appropriate constants are taken into account. Nel-
son and Moroz [31] predicted the behavious of C; as a
function of force to be (see [29] for the particular form
used here):

kT
L

C,=C 1A

Vo (4)

We invert this formua and plot the value of C' obtained
from C§ as a function of force in Fig.3. While C remains
roughly constat for forces higher than 1pN it appears
to dramatically decresase at lower forces, even if Moroz-
Nelson correction is taken into account. We cannot tell
if this is due to the procedure used to estimate C' or if
it points to the interesting discovery that the twist per-
sistence length at very low forces becomes shorter than



expected since no other measures exist at low values of
force. However we observe that error bars at low force
are larger because of the smaller number of points used
to determine C' as well as the larger impact of numerical
errors in the integration procedure. We also notice that
the values of C obtained by a quadratic fit of the top part
of the hat curves are systematically higher than those es-
timated with our method and this discrepacy remains
to be explored in greater detail. Finally, since different
data series have been measured, we decided to average
the values of C' obtained at forcew between 1pN and 3pN
and plotted each value obtained as a function of NaCl
concentration (Inset in Fig. 3).

The present approach allows us to compute the buck-
ling torque of a DNA molecule as a function of force in
various salt conditions. The results are shown in Fig.4.
These results do not seem agree with recent direct mea-
surement using optical traps[30], in particular, the crit-
ical torques obtained with our estimation method seem
to be sistematically lower than those directly measured
with optical traps. This contrasts with the fact that the
angular decrease of extension agrees quite well (see be-
low, and Fig. 5). We observe that there appear to be
an offset difference of 8 — 10pNnm between the data of
[30] and our series recorded at similar salt conditions.
Since we only have direct access to torque differences, it
is possible that our procedure to estimate the offset is
not correct. However, we observe that arbitrarily intro-
ducing this offset in our data would yield unacceptably
high values of critical torques at very low force.

A simple model of DNA buckling[? | suggests that
the buckling torque scales as /AF/kgT (where A is the
DNA’s persistence length). The results shown in Fig.4
are systematically lower than the values obtained with
this simple model. For the same value of force, the buck-
ling torque decreases with increasing salt as expected
from the observed decrease in the DNA persistence length
from 56 4+ 2nm at low salt to 40 £ 2nm at high salt.

J.Marko has recently suggested a heuristic theory to
describe the behavior of a stretched DNA molecule under
twist. In his model, DNA molecules in the plectonemic
regime partition between an unstretched plectonemic su-
percoil phase with torsional stiffness P and a stretched
and twisted DNA molecule with persistence length A and
an effective torsional rigidity C (that varies slightly with
force[31]). The model of J.Marko has only three parame-
ters: the DNA persistence length A and torsional rigidity
C and the plectonemic torsional stiffness P. It makes a
number of predictions on the variation of the extension
with the degree of supercoiling and the variation of the
buckling torque with force that can be compared with
experiments. The predictions of Marko’s model are in
qualitative agreement with our measurements of critical
torque, as shown in the inset of Fig.4. However, Fig.5
shows that they cannot fit with only three parameters
all of our results. Furthermore, the value of P tends to
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FIG. 4: Buckling torque for different buffer conditions

(10mM, 50mM, 100mM, 200mM, 500mM NaCl, 2mM
MgCls). Also shown are the results of ref.[30] using optical
tweezers.
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FIG. 5: Angular variation of extension as a function of force.
Data agree well with previous publication, but seems to de-
part from current models

become very low (P=10nm at 200nM NaCl) when high



salt series are fitted, and the curve departs from our data
at forces lower than 1pN. Also it has proved impossible
to fit the angular variation of the extension in the plec-
tonemic regime with a single value of P. The known
variation of the plectonemic diameter with force possibly
affects the estimate of the torsional energy of the plec-
tonemic supercoiled phase.
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CHAPTER 7. TORQUE MEASUREMENT WITH STANDARD MAGNETIC
100 TWEEZERS

7.1 Supplementary material

7.1.1 DNA substrate

The measurements described in this section were performed on a standard mag-
netic tweezers apparatus with a DNA substrate of 17.8kb. This gives a nominal
extension of Ly =~ 6pum. DNA was functionalised on both ends

7.1.2 Beads preparation

DNA substrate is incubated with 10uL of 1um diameter superparamagnetic (My-
One, Dynal) beads. Before incubation the beads are rinsed in PBS three times.
Rinsing is achieved with a magnetic separator that allows to eliminate the liquid
buffer while keeping the beads at the bottom of the test tube. After rinsing, the
beads are re-suspended in 10uL of passivation buffer A.2 and mixed with 0.5uL
of DNA substrate.

The mixture DNA beads is incubated for some minutes to allow the binding
of functionalised DNA molecules to the surface of magnetic beads. Then, the
mixture is diluted 5 times and 5-10uL of the diluted mix are injected in the
passivated chamber. The beads will cover the surface and some of them will
remain attached specifically. Incubation of the beads in the chamber is allowed
for some minutes to increase the probability that beads are bound to the surface.

Then, a gentle flow is injected in the chamber in order to remove all the beads
that are not bound to the surface. This step requires about one hour at least,
because a very slow flow has to be used in order not to eliminate all the beads.
The concentration of beads with respect to DNA is chosen in such a way that
quite few beads remain attached to the surface. This choice is necessary to reduce
the possibility that a bead is attached by more than one DNA molecule.

After all unbound beads are removed the chamber is sealed on both ends to
reduce evaporation and the experiment is started.

7.1.3 Preliminary checks

A bead attached to a single DNA molecules is searched by approaching the mag-
nets to the surface in order pull on beads. A good candidate bead detaches
from the surface and its distance from the surface depends on the rotation of the
magnets.

Once a candidate bead is identified, a curve of extension versus rotation is
recorded at low force. In this regime we expect to see a symmetric behaviour
of the extension of the molecule when both negative and positive supercoiling
are introduced. If this is the case, the position of maximal extension is recorded
and fixed to indicate the relaxed state of the molecule. As it was explained in
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Figure 7.1: Incubation of beads

section 5.1, this is the state in which the double helix is torsionally relaxed and
its linking number corresponds to Lky = L/p.

In this position, a force-extension curve is recorded. As we have seen in section
5.2, the behaviour of torsionally relaxed DNA subject to an external force is well
described by the WLC model, which depends only on two external parameters:
the bending persistence length and the contour length of the molecule. Fitting the
force extension curve to the WLC model serves as a consistency check, because
the fitted values for A and L can be compared with the known values.

7.1.4 Limitations of the measurement technique

Various factors intervene and limit the domain of measurable forces. Upper
bounds on the values of applicable forces are set by two factors. First of all the
geometry of the magnetic tweezers setup only allow to approach the magnets up
to the contact with the Mylar surface at the top of the chamber. With one micron
beads this allows to apply a maximal force of about 15pN. There is also another
limiting factor, which is the acquisition frequency of the camera. In fact, in order
to correctly estimate the pulling force, the spectrum of fluctuations of the bead
has to be measured as explained in section 6.2.8. Fitting of this spectrum to
a Lorentzian curve yields the cut off frequency, which is related to the stiffness
of the magnetic trap and to the size of the bead. If the force is to high, small
beads fluctuate too fast for their fluctuations to be correctly sampled at video
resolution. This fact limits the highest measurable force with MyOne beads to
roughly 5pN.
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7.1.5 Limitations in the method for torque estimation

The method for torque estimation from hat curves proposed in our paper relies
on the assumption that torque is constant along the straigth linear part of the
lowest force hat curve. This assumption seems to be justified in view of currently
available experimental data from direct torque measurements [38, 18] and the
theoretical framework proposed in [65]. However, other models [15] and prelimi-
nary data from T. Strick (personal communication) seem to suggest that this is
not completerly true.

An upper bound on the error committed with this assumption is given by the
value of buckling torque for the lowest force value measured in our experiences,
which can be estimated from the simple model proposed in section 5.2.4:

I'y(0.1pN) = R ~ 1.6pNnm (7.1)
kgT
This is to be considered as a possible sistematic error in our measurements, but
it is however quite small when compared to the values of torques estimated for
the high force curves.

Another source of uncertainty in our meethod could be the presence of the
glass surface, which tends to flatten the hat curves and thus to bias the value
of the slope of the linear part towards lower absolute values. Given the length
of our molecule, for the lowest force measured the bucklin occurs at more than
2.5um from the surcafe and we estimate that any effect due to surface proximity
is negligible at this distance.

7.1.6 Buckling instability

The results proposed in our treat the buckling instability as if it were a smooth
transition. This is not correct, and indeed the behaviour of the DNA molecule
in the vicinity of the buckling transition appears to be richer than expected.

Jumps

Forth et al. [38] reported the observation of abrupt jumps in the extension of the
molecule near the buckling transition. We investigted this previously unreported
behaviour recording the extension of the molecule near the buckling transition at
higher resolution in force and sigma.

Figure 7.2a displays a behaviour we observed near the buckling transition. It
looks like a telegraphic signal typical of a two states systems hopping back and
forth from one state to the other. Such signal could be observed by fixing the
value of supercoiling density ¢ and letting the force vary in steps of very small
size (see figure 7.2. Jumps are observed over a very narrow range of forces and
can rarely be observed if the force is kept constat while varying o. In fact, since
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small misalignments of the magnets are sufficient to let the force vary slightly
from one angular position to another, hat curves are usually recorded in steps of
one complete turn or more integer turns. This could explain whi such jumps had
not been observed before: 1 turn is in fact sufficient to pass from the high state
to the low state for a molecule of small size. For longer molecules, acquisition
of a hat curve usually procedes in steps of 5 or 10 turns, and the same type of
inconvenient is present.

Our current data on jumps are not enough to draw definitive conclusions. We
could onlyobserve them at high force, where brownian fluctuations of the bead in
the longitudinal direction are smaller than the size of the jump. At lower forces
the jumps should still be detectable as an additional widening in the brownian
fluctuations, but the measurement conducted so far did not allow to confirm this.

Jump size and salt dependency

We observed jumps on a very short (0.851um) molecule and on the long 6um
molecule. The size of such jumps seems to change in the two cases, and this
demans more investigation.

Appearance of jumps seemed to be favoured in high salt conditions, althogh
a spread of fluctuations could be observed in low salt buffers as well.

Interpretation

The observed telegraphic behaviour was interpreted by the authors of [38] as the
appearance of the first plectoneme loop. If this is correct the size of the jumps
should depend on salt conditions but not on the molecule length. In fact, the
typical size of a loop was estimated in section 5.2.4 to be of the order of 40nm
for a force of 0.1pN and it depend on the persistence length A which has been
observed to vary with salt condition. On the other hand, the size of the loop
should be independent of the length of the molecule, which did not seem to be
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Figure 7.2: Histogram of the size of jumps

the case in our preliminary measurements. If this were to be confirmed another
explanation should be looked for. The model proposed in [75], where buckling is
attributed to the formation of global helical structures could be a good candidate

to explain this.
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I. INTRODUCTION

Force spectroscopy was introduced in biology in
the early nineties, through the development of Single
Molecule micromanipulation techniques such as optical
tweezers (OT) [1, 2] and magnetic tweezers (MT) [3, 4].
Since then, the force response of many biological sys-
tems has been studied and the mechanical properties
of DNA and proteins [5] have been extensively char-
acterised. While most man made polymers are free
to swivel about their links, many biological molecules
(DNA, actin, microtubules, collagen etc.) can bear a
torsional load. It is thus very interesting to introduce
torque spectroscopy in biology to study the mechanical
response of bio-macromolecules to twist deformations. In
particular, DNA is a long cylindrical object, which forms
a spiral staircase and it is natural to assume that DNA in-
teracting motors may apply and/or respond to torsional
stress on the molecule.

Although the conception and develpment of torque-
sensitive measurements seems natural, the difficulty in
the construction of such devices is due to the high sensi-
tivity necessary to measure torques on single molecules.
The DNA denaturation torque, for example, has been
reported to be as low as 10pNnm or 2.5kpT[6]. A
technique previously developed [7] to measure and ap-
ply torque to single biomolecules relies on a modifica-
tion of the OT that exploits angular momentum transfer
between a laser beam and a polarizable material. This
technique has allowed to measure the torque response
of DNA for stretching forces larger than 1pN. Un for-
tunately, lower force regimes become difficult to explore
with this apparatus. Another technique [6], based on the
video tracking of twist relaxation, allowed to perform a
non-equilibrium measurement of the response to torque
of a stretched DNA molecule.

MT are a micromanipulation technique that can ap-
ply forces in the [0.1 — 10]pN range, while imposing a
torsional constraint on the trapped molecule. It is thus
natural to develop an extension of the MT in which a
torque of desired intensity can be applied. The tradi-
tional implementation of the MT [4] uses static magnets
to create an horizontally oriented magnetic field with a
strong vertical gradient. The interaction between the

*mosconi@Ips.ens.fr

magnetic dipole of the superparamagnetic bead i and
the magnetic field B generates a force f: (ﬁﬁ)ﬁ and a
torque T = TS B. The magnetic torque tends to align
the direction of the preferential axis of the bead with the
magnetic field, while the force is vertical and tends to
attract the bead towards the magnets.

This imposes a stiff constraint on the angular orienta-
tion of the trapped magnetic bead. The device presented
in this article relaxes that constraint by using a mangetic
field rotating faster than the bead can. Torque mea-
surement can then be obtained in a way similar to force
measurement through tha application of the fluctuation-
dissipation theorem. In fact, standard MT use the trans-
verse fluctuations (622) of the bead to determine the force
F = kgTl/{62z?) pulling on a DNA of mean extension .
Similarly, torque can be estimated from angular fluctua-
tions (see below). The advantages of this proposal are in
its simplicity and its applicability to low force regimes.

II. DESCRIPTION OF THE SYSTEM
A. The tosional stiffness of a magnetic tweezer

Our device is an improvement of the magnetic tweezers
that allows for the simultaneous application and mea-
surement of a force and a controlled torque to a DNA
molecule. The main difference with respect to the mag-
netic tweezers is that it is capable to soften the tor-
sional constraint given by the static magnetic field used
in the magnetic tweezers. To explain this point let us
give some order of magnitudes: biological forces at the
scale of the single molecule are in the range of picoNew-
tons (pN) while torques are in the range of picoNew-
tons.nanometers (pN.nm). The magnetic forces exerted
by magnetic tweezers corresponds to the vertical field
gradient times the magnetization. If we assume the mag-
netic field to decrease exponentially with the distance to
the sample, for the sake of simplicity:

B = By (1)

where By is the maximum strength of the field, z is the
distance between the magnet and the bead and b is the
decay length of the field (b is typically the gap size of the
polar pieces), the force is immediately obtained through
derivation with respect to the distance variable z, and its



value is:

By -= B
e A ST

If the bead has an anisotropy « in magnetic suscepti-
bility, the torque applied by the bead will be:

T =auBysinb (3)

where 6 is the angle between the field direction and that
of the bead magnetization. We can easily relate the
torque to the applied force:

7= aFbsinf (4)

Since one needs to apply a force of the order of 1pN,
in the case of small angle the torque will be this force
multiplied by (abf). Typically « is of the order of a few
percent but b is the millimetre range. This leads to an
estimated torque value of 10000 pN.nm for a significant
angular deviation 0! Clearly this torque is considerably
too strong compared with biological values.

Our device allows to considerably reduce the torsional
stiffness of the magnetic tweezers in such a manner that
the angular fluctuations of position of the paramagnetic
bead related to Brownian motion become now clearly vis-
ible. Depending upon the protocol used, this device can
be used to study the DNA under constant torque or con-
stant torsion.

B. Softening the torsional constraint

The soft magnetic tweezers exploits a non-linear cou-
pling regime which is encountered in a viscous rotator
system composed by a magnetized bead in a viscous fluid
under the effect of a rotating magnetic field. This sys-
tem exhibits two characteristic behaviours. The first one
is the synchronous mode where the magnetization fol-
lows the direction of the magnetic field in perfectly syn-
chronous manner (this behaviour corresponds to the nor-
mal use of a compass). The second type of behaviour ap-
pears when we increase the angular velocity of the mag-
netic field. Above a well defined velocity, the bead will
ultimately be unable to follow the magnetic field and will
exhibits a new behaviour with a complex motion made
of fast oscillations and slow rotation: this phenomenon
is well known in microrheology applications [8, 9] and
we will call it “slippage”. By “slippage” we mean the
fact that the orientation of magnetization vector of the
paramagnetic bead is no longer coupled to the orienta-
tion of the bead itself. This happens because the bead
is immersed in a viscous fluid, which exerts a drag that
depends on the angular velocity of the bead. In the syn-
chronous mode, to compensate for the viscous torque, the
bead magnetization and the magnetic field form an an-
gle and thus the magnitude of the torque applied by the
magnetic field increases with increasing angle. Since the
torque depends on the vector product of the magnetic

field vector and the magnetization direction, its value
will be maximal when the two vectors are perpendicular.
When the external magnetic field is rotated sufficiently
fast, the viscous drag will be so high that it exceeds this
maximum value and the bead will not be able to follow
the rotation of the magnetic field any longer. In the slip-
page regime, the magnetization of the bead rotates with
the magnetic field but the bead does not follow.

Mathematically, a magnetic field B is applied to a
paramagnetic bead immersed in a viscous fluid. The
magnetic moment developed by the bead, (i, tends to
align the principal anysotropy axis of the bead with the
direction of the external magnetic field. If the external
field is rotated, the stationary change is balanced by the
magnetic torque:

YO(t) = apuBsin (2(Qt — 6(t))) (5)

where 4 is the magnetic moment developed by the bead,
~v = 8mnr3 is the rotational viscous drag coefficient, o
is the anysotropy and (2 is the angular velocity of the
magnetic field.

For a slowly rotating field, the bead responds by ro-
tating with same rate with a phase lag: 6(t) = Qt — ¢,
where the phase lag ¢ between the angular position of
the magnetic field and that of the bead is set by the con-
dition:

v

sin (2¢) = e

(6)

Increasing the angular velocity of the magnetic field
results in an increased torsional viscous drag on the bead,
which produces an increased phase lag between B and
iZ. When ) reaches the maximum value ., = LB the
increase in viscous drag cannot be compensated by the
magnetic torque any longer. For values of Q > Q. the
system enters a non-linear regime where the motion of the
f variable is a sum of a fast oscillation and a slow rotation.
A perturbative solution of the e.o.m. for large Q can be
obtained by performing the change of variable t — Qt
and then considering a series expansion in € = auB/vQ
of equation 5:

2

1
0(t) = Oy — - cos(Qt — 0y) + % (Qt — 6y + 1 sin(4(Qt — 90]@

2Q)

B A to A
= B+ 20 (A(t — 5) — cos(Qt — 90)) + 0(5)

where A = # (The interested reader is referred to ap-

pendix A for the detailed calculation). This approximate
solution is composed by a linear term and an oscillating
term. The average angular velocity of the bead is ob-
tained by considering the derivative with respect to time
of the linear term: § = A?/(2Q). The first order oscillat-
ing term indicate that the motion of the bead will be a
superposition of a slow rotation (the previous term) and
a fast oscillation at frequency 2. This implies that for a
magnetic field rotating at high frequency, a slow rotation
can be obtained.

(8



C. Implementation

The soft magnetic tweezers apparatus, is implemented
substituting the permanent magnets of magnetic tweez-
ers with electromagnets. Other characteristics such as
parallel illumination and sample preparation are the
same as in [4]. Briefly, a glass chamber is prepared, fixed
on the stage of an inverted microscope and illuminated
with parallel light. Magnets are suspended just above
the chamber in order to provide a vertical pulling force
and an orizontally aligned magnetic field. Light is col-
lected through a 100X il immersion microscope objec-
tive (Olympus, France) and the image is formed on 25Hz
CCD camera (Sony, France). DNA is attached to the
bottom of the glass chamber on one end and on a para-
magnetic bead on the other end. The image of the bead
is used to track is position in the three dimension.

Plexiglass

Copper Wire
Mumetal

Soft Steel

2em

FIG. 1: Setup

This apparatus can work in the exact same mode as
the traditional one, if a static current is applied to the
electromagnets. Nevertheless, since there are no moving
parts, it is possible to rotate the orientation of the mag-
netic field at higher frequencies. The current necessary to
generate a magnetic field of desired intensity is provided
to the 6 coils by a 6 power amplifiers that take an input
signal generated by a computer controlled DAC card.

1. Coils

The six coils (Lima 600880, Vicenza, Italy) are dis-
posed on the six corners of a hexagon. They are made
of copper wire and have a resistance of 10 4+ 2€). Each of
them encloses a cylinder of mumetal (Goodfellow, Cam-
bridge, U.K.) slightly longer than the coil. These six po-
lar pieces are inserted in a soft steel cap on the top, and
bent towards the centre at the bottom. The XC15 soft
steel cap (Tonnetot Metaux, Fontenay-sous-Bois, France)

is designed to close the field lines in the system, thus in-
creasing the magnitude of the magnetic field. Finally
the bent tips are also inserted in a Plexiglass ring which
confers overall stability to the ensemble.
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FIG. 2: Scheme of the power amplifier

2. Amplifiers

The current that drives the coils is obtained by a home
built six channel voltage-voltage amplifier with feedback
(see figure 2 for a schematic diagram of one channel).
The current passing through the coils depends on the
impedance of the coil and thus on the frequency of the
signal. We chose this amplifier configuration because it
has a fast response and thus allows to apply fast modu-
lations to the current intensity. The price we pay in this
configuration is that the field is not simply proportional
to the applied voltage, and so care has to be taken when
asking the value of the magnetic field.

D. Signal Generation

The voltage signal is generated by an analog out-
put computer board (NI-PCI6733, National Instruments,
USA), which can generate analog samples between -10V
and 10V on eight independent channels, at maximal fre-
quency of 1IMHz per channel. The board also includes
an memory of 4096 samples and can access larger buffers
using DMA channels to the computer main memory. In
order to generate a signal with a frequency in the range



1-10kHz, modulated in amplitude and shape in realtime
without interruption, we actively regenerate the buffer of
samples that are sent to the board. Since the new sam-
ples are calculated in realtime, the signal can be modified
in realtime with an update frequency given by f, = 2]{; .
If this update frequency is too high, the computer will
not be able to calculate all the samples before the fol-
lowing update and thus the board will come to a halt
due to the lack of input. On the other hand, a too low
frequency would lead to unacceptable waiting times be-
tween the change of the driving signal and its actuation
on the card output. We empirically found that an update
frequency between 10H z and 50H z, satisfies both crite-
ria. All routines are written in C using the NIDAQmx
API. The interested reader is referred to A for the details
of the generation of the rotating magnetic field signal.

III. SYSTEM CHARACTERISATION
A. Preliminary checks

Figure 3 displays the decoupling of bead motion with
increasing frequency.

FIG. 3: The rotation frequency of a bead doublet as a
function of applied rotation frequency

The critical decoupling frequency appears to be €2, ~
16 H z, although a precise determination is difficult due to
the low number of data points. We also observe that the
height of the beads with respect to the surface decreases
with increasing frequency of rotation, which means that
also the applied force depends on 2. We will discuss this
limitation in section IV. Operating the device in this
regime yields a fixed torque trap in which a small av-

erage torque of size 'ynr39 is constantly applied to the
bead. In this configuration, the bead rotates with con-
stant angular velocity and oscillates very fast about its
mean position.

In certain applications, expecially when dealing with
torsionally constrainable DNA, it may not be suitable
to have a constantly rotating bead. In fact, if the DNA
molecule is coilable, i.e. if it can accumulate torsion, ro-
tation of the bead will change its extension, ultimately

approaching the bead to the surface or even leading to
breaking the DNA molecule. For these reasons, it is de-
sirable to have a second configuration of the device in
which the average torque imposed is zero and a fixed an-
gular position is imposed on the bead with a quadratic
angular potential of stiffness kg. In this configuration the
bead is subject to brownian fluctuations whose size is de-
termined by the stiffness via the fluctuation dissipation
theorem:

kgT
T )

A configuration of this kind can be obtained by inverting
the sense of rotation of the magnetic field after a certain
number of turns. This inverts the direction of the ap-
plied torque and gives an average zero torque when the
limit of infinite time is considered. We implemented this
configuration in our device by performing N turns in one
direction and N in the opposite direction. Fig. 4 displays
a comparison of the amplitude of angular fluctuations for
the static MT and this configuration and it can be seen
that the size of fluctuations is increased, corresponding
to a softening of the angular stiffness.
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FIG. 4: Brownian fluctuations of the angular variable
for the traditional MT, the soft MT and the soft MT
with second order corrections

Unfortunately, the abrupt inversion of the rotation at
a fixed angle 0y breaks the rotational symmetry of the
trap and the bead’s main axis of anysotropy tends to
align along the preferential directionfy. The precise ori-
gin of this alignent is not completely understood, by it is
possibly linked with the histeresis of the mumetal used in
the cores of the electromagnets, preventing the inversion
from being instantaneous and complete. Furthermore,
the position of the six polar pieces appears to introduce
yet another static contribution to a preferential orienta-
ton of the bead’s axis, the two effects conspiring to give



an effective angular potential with a minimum at an un-
controllable angular position.

In order to overcome these limitations, we devised and
implemented two additional corrections to the field gen-
erating signal. In order to soften the impact of the sharp
inversion we modulated the amplitude of the signal with
a (1 — cos(2Qt/N)) wave so that the field reached zero
amplitued at the inversion points. This modulation im-
plies a modulation of force (which is linked to the ampli-
tude of the field) and requires the inversion to be done
sufficiently fast, so that the average force experience by
the bead is constant and no large oscillation is observed.
Inverting the rotation every N=5 turns at 1ms per turn
(1kHz) implies an inversion frequency of 200Hz which is
still much higher than the viscous cut-off frequency for
brownian fluctuations in the longitudinal direction. In
other words, this 200Hz force modulation is damped by
the viscous fluid and the bead experiences a constat av-
erage force.

This modulation is not sufficient to completely elim-
inate the anisotropy of the field, so we are obliged to
intruce a second correction: we impose that the curve
described bt the magnetic field vector is not a circle but
an ellipse. By chosing the orientation of the main axis
of the ellipse and by varying the ellipticity parameter,
we can effectively cancel the remaining anysotropy, thus
lowering the stiffness of the trap to values that allow
measurement of torques of biological size via equation
9. The additional bonus of this elliptic correction is that,
by playing with the orientation and the ellipticity param-
eters, an arbitrary preferential angular direction with de-
sired stiffness can be imposed, which is very suitable for
experiments on coilable DNA mocules. The interested
reader is referred to the appenix B for the details of the
signal generation. Figure 4 displays the angular fluctua-
tions of a bead doublet for the cases of static magnetic
field, fast rotating magnetic field with inversions and fast
roating field with inversions, modulation and second or-
der elliptic correction. In particular, the ellipticity pa-
rameter allows us to finely control the stiffness of the
trap as is shown in figure 5

B. Validation on DNA

A soft angular potential can be used to determine an
applied torque by tracking angular deviations through
the formula:

(1) = ko (0 — bo)

where 6 is the minimum of the angular potential. We
validated our device by measuring the response to torque
of a DNA molecule.

DNA has a chiral geometry and its twist rigidity has
been characterized in a number of experiments [10]. In
particular, a torsionally constrained DNA molecule, sub-
ject to an external pulling force, is expected to respond
with a torque that increases linearly as a function of the

(10)
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FIG. 5: Stiffness of the trap versus the ellipticity

parameter

number of turns added to the molecule. When the num-
ber of added tuns overcomes the critical value for buck-
ling, the torque stabilises to a fixed value and it remains
constant.

We injected paramagnetic beads attached to DNA
in the flow cell and measured angular deviations from
the equilibrium position as a function of the number
of turns applied. In order to facilitate angular track-
ing we searched for DNA molecules attached to bead
doublets. The experience proceeded as follows: when a
coilable molecule attached to a bead doublet was identi-
fied, its extension versus rotation at fixed force was mea-
sured in order to identify the position of relaxation. In
this position the molecule reaches its maximum exten-
sion for a given force. Once this is identified we pro-
ceeded recording the angular fluctuations of the beads
when —75, —45, —15,15,45,75 turns were added to the
molecule. Each position was maintained for about 7
minutes and then 30 turns were added to switch to the
next position. The whole sequence was repeated 100
times in order to accumulate enough statistics to re-
fine the sampling of the average position. The use of
bead doublets enormously increased the relaxation times
of the system (viscous drag for a 2 bead system is not
8mnr? but 28mnr®. The choice of integration times of
7 minutes is a compromise between the need to aver-
age the angular fluctuations long enough and the risk of
introducing low frequency noise in the measurment due
to thermal drifts. Figure 6 shows a curve acquired at
f = 0.5pN which seems to indicate that indeed our ap-
paratus is able to detect torque variations and to perform
absolute torque measurement once calibrated using the
fluctuation-dissipation theorem.

y =a
a=—4
b = —¢
y = a
a =4
b=286
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IV. DISCUSSION

Appendix A: Approximate solution of equation A4

We can rescale the time variable from ¢ to ¢ = Qt.
Equation A4 becomes:

(1) = ¢ sin2(t — £(1) (A1)
with &(t) = 0(¢t/Q). Increasing the value of  can be
viewed as effectively decreasing the value of the coupling
constant before the sine. For () — oo the angular velocity
tends to zero.

We can treat equation A1l considering an expansion of
the solution in a series of powers of e = A/Q. We write:

1) = & +ea(t)+ &) +. ..
1 (t) + (1) + . ..

Y.
—~
~
~—

and then:

esin(2(t — £(1))) = esin(2(t — &) — 2(e€1(t) — E&a(t) — ...) A

<ts in the lone ti red £ o = esin(2(t — &)) cos(2(e€1 (t) + 2&a(t) + . (W)
sists in the long time required for measurments. Figure _ B . 2

6 required 3 days of continuous acquisition on a single 6.005(2(75 fo))51n2(2(e§1 (t) + e“&a(t) + (A(
DNA molecule. This limitation is severe if the action of = esin(2(t — &o)) — 2€7&1(t) cos(2(t — &o) +(A

The current limitation of our apparatus mainly con-

an enzyme is to be studied dynamically but fortunately
it is mainly due to technical factors: the use of bead dou-
blets for ease of tracking but most of all the high viscous
drag of the large 4.5um beads that were used to apply the
pulling force. As mentioned above, we noticed that the
pulling force decreases when the rotation frequency of the
magnetic field is increased to values higher than 1kHz.
This is due to the inductance of the coils that depends
on the frequency of the alternating current and also to
Foucault dissipative currents developed in the metallic
cores. With the current implementation of the device,
it was not possible to apply a pulling force to beads of
smaller size, and since relaxation times are proportional
to the cube of the radius of the bead, great improvements
can be achieved if smaller size beads are used. This will
hopefully be possible with the use of lamellar materials
together with coils of lower inductance.

Another limitation of the current setup is the heat de-
veloped by the coils when high frequency fields are used.
This heat produces thermal drifts of the sample, and
complicates the longitudinal tracking required for force
measurement (although differential tracking by compar-
ing the position of the bead with a bead fixed on the glass
surface practically resolves the issue). This problem will
also be partly solved with lamellar material that will not
produce as much heat as the current cores.

In conclusion, we built a new apparatus that allows
the application and measurement of torques of biological
size. Our device is an extension of the magnetic tweezers
apparatus and was validated with the measurement of
torque on a single DNA. Technical improvements are on
the way in order to overcome the current limitations of
dynamic range.

where we first expanded sin 2(t — £(¢)) using the identity
sin(a — b) = sin(a) cos(b) — cos(a)sin(b), and then ap-
proximated the sine and cosine for small values of €. The
approximate solution is calculated at the desired order
in € by grouping the terms of the same order. Here we
consider only terms up to order €2, obtaining:

2 AQ

t*fo)Jr@ sin(4(t—¢&o))
(A8)

the value of & is calculated using the initial condition.

Translating back this equation to the equation for the

variable # we obtain:

A A
§(t) = 50*5 cos Q(f*§0)+@(

A A2 2
0(t) = 9075 cos Q(QtfHO)Jrﬁ( 32

(A9)
Considering terms up to order €2, the solution is a su-
perposition of a slow linear motion of angular speed %
and an oscillatory motion whose main contribution comes

from the cosine term.

Appendix B: Rotating field construction

In order to apply a determined magnetic field, a rela-
tionship between the voltage applied to each channel and
the total magnetic field must be established. Consider a
couple of opposed electromagnets. A static magnetic field
can be generated providing opposite continuous currents
to the two coils. The generated magnetic field inten-
sity will be proportional to the electric current passing
through the copper coils, which is determined by the volt-
age applied and the impedance of the solenoid. The total

Qt790)+A— sin(4(2t—6p))



magnetic field generated by the three couples of magnets
can be viewed as a linear combination of three magnetic
fields generated by coupled opposite pairs of solenoids.
The six elecromagnets are grouped in three couples of
inverse polarities. This allows us to drive the six elec-
tromagnets with three signals, reducing the number of
output channels required.

1. Rotating Phase

In order for the slippage phenomenon to appear, the
magnetic vector field B has to be rotated sufficiently fast
for the viscous drag to prevent the magnetic bead from
following. The rotating phase 6(n,t) is defined as a func-
tion of time and of the number of turns n. The rotating
phase is the junction of two pieces: a uniform anticlock-
wise motion for n turns, followed by a uniform anticlock-
wise motion.

 [ann(t - |t))
6(n. 1) = {4n7r(2—t— 12— 1))

t—[t] <05 (B1)
t—|t] >05
where [t| means Floor[t], i.e. the integer part of t (for
positive t).
This form of rotating field is not sufficient to reduce
the angular stiffness of the trap to the desired value.

2. Amplitude Modulation

The cosine amplitude modulation is defined as:

B(t,b) =1 — beos (%%—5@)

(B2)
This depends on a parameter b € [0, 1], which allows to
switch continuously from no modulation to full modula-
tion. b=0 means no modulation

3. Ellipse correction

In order to further reduce the angular stiffness of the
trap, we impose that our magnetic field rotates on an
ellipse, rather than on a circle. This allows us to correct
the imperfect alignment of the six coils that tends to im-
pose a preferential direction to the trap. Figure 7 shows
the curve described by the magnetic field vector in XY
plane.

An elliptical distortion of this figure is defined as:

g0 0,) (B

FIG. 7: The curve described by the magnetic field
vector in the XY plane

And to allow for arbitrary rotation of the axes of the
ellipse, the matrix:

1+ ecos[2n]
esin[2n] 1 — ecos[2n)]

(BA)

can be applied to the rotating field vector. The relevant

parameters are 7 controlling the angle formed by the el-

lipse major axis with the X axis, and e controlling the

ellipticity.

T(e,n) = R(n)ER(—n) = ( esin[27] )

71=1/3, €= (0,0.2,0.4,0.6)
n={x/3,21/3,7), €= 0.2 y

FIG. 8: Deformation of the ellipse depending on the
choice of n and e
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Conclusions

This thesis presented the conception and development of different experiments in
SM biophysics and I will summarize here the main results obtained.

In chapter 7 a new method to estimate the torque applied on DNA molecule in
magnetic tseezers experiments was developed and succesfully applied to measure
the critical torque of DNA in various sal tconditions. The results obtained agree
with previous measurements and allow the determination of torque in previously
unexplored regions of the parameter space, namely at low force. The measured
data does not seem to agree with current models that describe torque and the
amount of data collected opens the way for new theoreticl models to be tested. An
independent determinatio of the biologically relevant twist modulust C has been
determined and the dependence of this quantity on ionic conditions was studied.
Observation of newly reported jumping behviour at the buckling transition was
observed and more work is necessary to investigate its nature.

Chapter 8 presented the development of a system to measure torque on DNA
directly, by lowering the angular stiffness of a magnetic trap and measuring angu-
lar fluctuations of the probing bead. A proof of principle validation was obtained
by measuring the torque of a DNA molecule at different supercoiling densities,
but use of the apparatus in dynamic situations involving DN A-enzyme interaction
is not yet possible due to the long acquisition times required by the measurement

technique.

Finally, chapter 4 presented the development of a setup to measure fluctua-
tions of activity of a single enzyme. The results achieved and the improvements
obtained in the three different setups tested bring the hope that it will be possible
to measure this phenomenon soon.
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A.1 Magnetic field decomposition
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A.2 Buffers and protocols

HRP buffer

e 50mM Sodium Phosphate Buffer
e 0.2 % BSA (W384A, Promega, France)
e 0.2 % F-127 Puronic surfactant (P2443-250G, Sigma-Aldrich, Germany)

e H505 (needed concentration)

Bead Passivation buffer

e PBS

0.2 % BSA (W384A, Promega, France)

0.2 % F-127 Puronic surfactant (P2443-250G, Sigma-Aldrich, Germany)

5 mM EDTA

e 10mM Sodium Azide (S-8032, Sigma-Aldrich, Germany)

Standard buffer
e 10mM Sodium Phosphate buffer pH 8.0

e 0.1 % BSA (W384A, Promega, France)
e 0.1 % F-127 Puronic surfactant (P2443-250G, Sigma-Aldrich, Germany)
e ImM EDTA

e 10mM Sodium Azide (S-8032, Sigma-Aldrich, Germany)

TE NaCl buffer
e 10mM Tris HCI pH 8.0

1mM EDTA

0.1 % BSA (W384A, Promega, France)

0.1 % F-127 Puronic surfactant (P2443-250G, Sigma-Aldrich, Germany)

NaCl (needed concentration)
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MgCI2 buffer
e 10mM Tris HCI pH 8.0

e 0.1 % BSA (W384A, Promega, France)
e 0.1 % F-127 Puronic surfactant (P2443-250G, Sigma-Aldrich, Germany)

e MgCl2 (needed concentration)

A.2.1 DNA functionalization protocol
A.3 Setup alignment

A.3.1 0.0 alignment
Excitation alignment
Objective focus

A drop of water (40 pL) is deposed on the objective and the sample is placed
on the scanning stage. The objective is brought at 5mm distance from the lower
surface of the bottom glass coverslide of the sample. It is then slosly displaced
towards the sample while monitoring the fluorescence counts detected by the
APDs. Dark counts are of about 500Hz for each APD. When the focal spot
reaches the glass coverslide the signal increases to a value of more than 10 kHz
due to the reflections of IR light from the glass surface. Inside the glass coverslide
the counts are again low (1-2kHz). Beyond the interface glass/water the counts
depend on the solution contained in the sample. For typical solutions of 50-100nM
of Fluorescein or Rhodamine-B used for calibration, a countrate of 60-80Hz per
detector was reached.

Detection alignment
A.3.2 1.0 alighment
A.3.3 2.0 alignment
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