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RESUM DE LA TESIS EN CATALA

Durant el segle XX, amb el desenvolupament de la fisica quantica, el
camp de la fisica va fer un gran salt convertint-se en un motor de desen-
volupament tecnologic. Un dels avencos més significatius del moment
va ser la invencié de laser (acronim de light amplification by stimulated
emission of radiation). Aquest dispositiu basat en fonaments de la fisica
quantica, com és 'emissi6 estimulada, va ser l'ingredient clau per la
invenci6é de les pinces optiques. L'any 1970 en els laboratoris d'IBM,
Arthur Ashkin va demostrar que la pressi6 de radiacié de la llum pot
ser utilitzada per controlar objectes microscopics. Per l'invent de les
pinces optiques, A. Ashkin va ser guardonat amb el Premi Novel de

Fisica I'any 2018.

Les pinces optiques, juntament amb altres tecnologies com les pinces
magnetiques i el microscopi de forga atomica, va donar lloc al sorgiment
dels experiments de molecula individual. Aquests experiments van sig-
nificar un gran aveng en el camp de la biofisica i la fisica estadistica.
Des del punt de vista de la biologia, aquests experiments van permetre
mesurar per primera vegada el plegament molecular amb una resolucié
espacial i temporal sense precedents, permetent veure clarament estats
cinetics que d’altra forma eren emmascarats per les condicions experi-
mentals. A més a més, des d'un punt de vista fisic, aquests experiments
han permeés estudiar sistemes fortament influenciats per fluctuacions ter-
miques. Aquest fet ha permes realitzar experiments que només es po-
dien estudiar des d'un punt de vista teoric en el passat. La present
tesi s’ha realitzat sota aquests tres paraigties: experiments de molécula

individual, fisica estadistica i biofisica.

En la primera part de la tesi, Part I, es presenta una introduccié gen-

eral al camp de la biofisica, aixi com els detalls especifics de 1’aparell
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de pinces optiques utilitzat al llarg de la tesi. En la segona part, Part
II, es presenta un estudi en el context de la teoria de la informaci6 ter-
modinamica. Aquest camp de la fisica va sorgir arran de 1’experiment
tedric proposat per James Clerk Maxwell, actualment conegut com a Di-
moni de Maxwell, on un ens imaginari extreu treball net a partir de
les fluctuacions termiques de les particules d"un gas dintre d"un diposit.
L’acci6 de l’ens és el que es coneix com una retroalimentacié o feedback en
angles. Actualment, la majoria d’experiments amb protocols de retroali-
mentaci6 utilitzen sistemes on en abséncia de feedback el sistema esta en
equilibri, és a dir no hi ha una producci6 efectiva d’entropia. En aquesta
tesi, s’ha estudiat el cas on el sistema per si sol esta fora d’equilibri. Din-
tre d’aquest marc, s’ha definit un protocol general de retroalimentacié
anomenat retroalimentacié de primera observaci6 (First-time feedback en
angles). Aquest protocol presenta dos casos particulars que han estat es-
tudiats en sistemes en equilibri, com sén el protocol discret i continu. Per
aquests dos casos particulars, s’han realitzat experiments de molécula
individual per determinar la conversié d’informacié en energia ttil i la
reducci6 del treball dissipat del sistema. Els resultats obtinguts han de-
mostrat que els protocols de retroalimentacié poden ser titils per reduir
la dissipaci6 en sistemes petits fora de I'equilibri. Tenint present aquest
resultat, s’ha anat un pas més enlla i s’ha introduit per primera vegada
el concepte de conversié d’informacié en mesura. Aquesta conversié
quantifica una millora en la determinacié d’una mesura a partir d’un
protocol de feedback. En els experiments realitzats, el que s’ha estudiat
és com el protocol millora la mesura d’energia lliure de les molécules.
Els resultats obtinguts han demostrat que la reduccié en dissipaci6 no és
suficient per a millorar la determinacié de I'energia lliure. Per finalitzar
aquesta part, s’ha introduit un nou concepte anomenat retroalimentacié
estrategica. Aquesta es basa a concatenar de forma efectiva protocols
continus i discrets per reduir la dissipaci6é de forma més eficient. Aque-
sts resultats obren noves preguntes a respondre dintre del camp de la

informacié termodinamica.

Als anys setanta, I'estudi del plegament de les proteines va prendre

una gran notorietat quan Cyrus Levinthal va notar que a causa del gran
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nombre de graus de llibertat una cadena polipeptidica desplegada ne-
cessitara un temps astronomic per plegar-se en 1’estructura nativa de
la proteina. Aixi i tot, experimentalment s’havia observat el plegament
molecular amb tecniques de granel. Aquesta aparent paradoxa segueix
sent un tema de plena actualitat amb constants descobriments teorics i
experimentals. En aquesta tesi (Part III) s’estudia el plegament de la pro-
teina Barnasa utilitzant experiments de molecula individual en un ampli
rang de temperatures, 7 — 37°C. En aquesta secci6 s’ha caracteritzat el
paisatge d’energia lliure que governa el plegament i desplegament de
la proteina utilitzant experiments fora d’equilibri i eines tedriques com
el teorema de fluctuacié i el model cinétic de Bell i Evans. Els resultats
obtinguts posen en relleu que el plegament de les proteines venen gov-
ernats per tres desigualtats: AST > AS*, AH' > AH* i AC; < AC;.
Aquestes desigualtats ens diuen que l'estat de transici6 (ET) entre I'estat
natiu (N) i el desplegat (D) té una diferéncia d’entropia i entalpia més
gran en relacié amb 'estat N que respecte 'estat D. Altrament, el canvi
de graus de llibertat és més gran entre D i ET que entre N i ET. Aquest
fet denota que 'estat ET té I'estructura basica de I'estat N sense tenir tots
els enllagos que mantenen 1’estructura formada. A més a més, utilitzat
el model cinetic de Bell-Evans s’ha determinat la posicié de l'estat ET
en funci6 de la temperatura i la forga aplicada. Els resultats obtinguts
posen de manifest que la for¢a funciona millor que la temperatura per
desnaturalitzar una proteina. Els resultats obtinguts en aquests capitols

suggereixen un mecanisme general pel plegament de les proteines.

En la quarta part de la tesi (Part IV), s’han determinat les propietats
elastiques, cinetiques i termodinamiques en funcié de la temperatura de
diferents tipus de molecules d’ADN. L’ADN és la molecula encarregada
de transmetre la informacié genética entre generacions. Es per aquest
motiu, que l'estudi de 'ADN és a dir d’avui un tema de gran interes
en la biologia, la medicina i la fisica. En el capitol [f| s’ha determinat
les propietats elastiques en funci6 de la temperatura utilitzant el model
elastic per biopolimers conegut com a Worm-Like Chain (cadena de ti-
pus cuc, en angles). Utilitzant aquest model s’ha vist que la rigidesa

de les molecules de cadena simple d’ADN es tornen més rigides quan
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s’augmenta la temperatura. Mentre que les cadenes dobles d’ADN es
tornen més toves. En futures investigacions es vol modelitzar aquests
comportaments per obtenir un coneixement més profund de la natu-
ralesa mecanica de I’ADN. En els capitols [7]i [8} s’ha estudiat 1’energia
de formaci6 de ’ADN de cada motiu d’ADN en funci6 de la temper-
atura. Una caracteritzaci6 acurada del comportament en temperatura és
essencial per exemple per optimitzar les PCR (reaccié en cadena de la
polimerasa) on es varia la temperatura per multiplicar fragments d’ADN.
En el capitol [7|s’ha mesurat 1’entropia i entalpia en funci6 de la temper-
atura per determinar el canvi de capacitat calorifica d’una parella de
bases G-C (guanina-citosina) i A-T (adenina-timina). Per altra banda, en
el capitol [§|s’ha determinat I’energia de formaci6 dels setze motius difer-
ents que presenta ’ADN tenint en compte el primer vei d'un parell de
bases. En un futur seria interessant ampliar I’analisi elaborada en el capi-
tol |8 tenint en compte els metodes emprats per determinar l'entropia i

entalpia en funci6 de la temperatura en el capitol

Finalment, en la secci6 V de la tesi (Part V) es presenten els resul-
tats obtinguts de dues col-laboracions fetes durant el transcurs de la
realitzacié d’aquesta tesi. Primerament, s’ha dut un pas més enlla un
metode desenvolupat en el passat en el mateix laboratori que permet
caracteritzar la barrera cinetica que intervé les transicions entre estats
moleculars. En aquest cas, s’ha analitzat unes molecules que presenten
estats intermedis al llarg del plegament i desplegament, aixi com s’han
estudiat dues molecules petites d’ADN a diferents temperatures. En
segon lloc s’ha estudiat per mitja d’experiments de molécula individual
I'enllag del farmac antitumoral conegut com a Netropsina. Els resul-
tats presentats demostren que la Netropsina s’enllaga a I’ADN de dues
formes. De forma no especifica a regions riques en adenines i timines i

de forma especifica al motiu AATT.
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PRELIMINARIES






GENERAL INTRODUCTION

The rise of the industrial revolution brought out the interest in thermal
machines and motors, resulting in a significant boost in the science of
thermodynamics. Concretely, thermodynamics settled the possibility to
characterize the temperature, pressure or heat capacity of macroscopic
systems by only considering their relation with their surroundings inde-
pendently of their internal structure. One of the greatest exponents of
the development in thermal machines is the Carnot cycle published by
Sadi Carnot (1796 — 1832) in 1824 in his book Réflexions sur la puissance

motrice du feu et sur les machines propres a développer cette puissance [1).

The Carnot cycle is an ideal theoretical thermodynamic cycle that con-
verts heat from a thermal bath to work, which provides a theoretical
upper limit on the efficiency of classical macroscopic engines. Aim-
ing to reach this ideal limit, in 1893, Rudolf Diesel (1858 — 1913) pro-
posed a motor based on the Carnot cycle with an expected efficiency of
70% [2]. Nowadays is worldwide known as Diesel’s motor with car’s
motor efficiencies around 50%. The existence of an upper-efficiency
limit opened the way for the formulation of the second law of ther-
modynamics. Briefly, the energy required to do any thermodynamic
transformation is always equal to or larger than the system’s energy. In
other words, the second law says that the work necessary to bring a
macroscopic system from an initial state to a final state is always equal
(reversible processes) or larger (irreversible processes) than the energy

difference between the states. Nevertheless, in microscopic systems, the
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energy difference is on the same order of magnitude as the energy ex-
changed between the environment and the system. This fact is relevant
in the context of thermodynamic cycles because identical repetitions of
the same process require different work, and rare trajectories where the
work is less than the energy difference violate the thermodynamic sec-
ond law. This fact highlights the relevance of fluctuations to describe
thermodynamic transformations in such systems and stresses the need

to define a new framework to study these systems.

Statistical thermodynamics is the framework that uses statistics and
probability theory to explain the connection between the macroscopic
properties of materials and the microscopic behaviors of their constituent
particles. Indeed, the statistical thermodynamics proves that in micro-
scopic systems, the average work done under a thermodynamic cycle
considering a large number of repetitions always satisfies the thermo-
dynamic second law. While classical thermodynamics explains the re-
sponse of macroscopic systems under thermodynamic equilibrium, i.e.,
no net flows either within a system or between systems, statistical ther-
modynamics has been applied in non-equilibrium or irreversible pro-
cesses that are driven by drivings. The Austrian physicist Ludwig Boltz-
mann (1844 - 1906) developed the fundamental interpretation of entropy
for any system in terms of collecting accessible micro-states. Moreover,
from the energy levels of the different micro-states, a partition function
can be derived to calculate all the thermodynamic properties of the sys-

tem, e.g., the energy difference between the initial and final states.

The statistical framework brings us the possibility to derive the ther-
modynamic properties, e.g., entropy or heat capacity, of microscopic sys-
tems such as cells, biomolecules, or viruses, from equilibrium or non-
equilibrium conditions. From a physical perspective, the mechanisms
inside cells, e.g., the molecular motors, are of particular interest. In-
terestingly, although the strong dependence on fluctuations, recent ex-
periments have found that molecular machines, like F1—-ATPase have

efficiencies near the 100% [3]].



1.1 THERMODYNAMICS OF SMALL SYSTEMS

This thesis focuses on the study of characterizing the kinetic proper-
ties at different temperatures of molecular systems under applied me-
chanical forces to map the molecular free energy landscape as a func-
tion of temperature. Moreover, this thesis focus on the study of the
information-energy conversion in feedback protocols applied on nucleic
acids molecules. In this chapter, the context to study such molecular sys-
tems is presented. In section [1.1| the main ideas of thermodynamics of
small systems are sketched. In section a brief introduction to single-
molecule force spectroscopy techniques is provided. Finally, a summary

of the work presented in this thesis is given in section

1.1 THERMODYNAMICS OF SMALL SYSTEMS

As previously mentioned, statistical mechanics defines the perfect frame-
work to study thermodynamics from a probabilistic perspective. In a sys-
tem with N elemental units (e.g., atoms, particles, molecules, etc.), the
measurable thermodynamic properties are the result over all the differ-
ent energy levels occupied by the N units. In macroscopic systems, the
number of particles tends to infinity, so the fluctuations (~ 1/ V/N) are
negligible. On the contrary, for small systems where N — 1, the fluctua-
tions are of great relevance [4]. Concretely, for small systems, the typical
energy exchanged between the system and the surrounding are of the
order of Brownian fluctuations, i.e., ~ kgT, where kg is the Boltzmann
constant and T the temperature of the bath. The study of small systems
has become a trending topic since the development of single-molecule

techniques and the progress of stochastic thermodynamics.

In biophysics, which is a bridge science to connect physics and biology,
methodologies and theories of physics are used to understand biologi-
cal systems. Such biological systems range from single biomolecules,
like nucleic acids and proteins, to living cells or populations. Tradi-
tionally, nucleic acids and proteins are studied from bulk assays, such
as calorimetric experiments or NMR spectroscopy, where the studied
sample contains a large number of molecules (in the order of Avogadro
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number, N4 = 6.02 x 10?%). In contrary, since the development of single-
molecule experiments (SME), one molecule is studied individually by

exerting mechanical forces to derive its thermodynamic properties.

1.2 FORCE SPECTROSCOPY TECHNIQUES

There are different single-molecule techniques used to characterize the
kinetic and energies of nucleic acids and proteins, such as super-resolution
microscopy based on single-molecule fluorescence (e.g., FRET or STORM),
single-channel recording, and single-molecule forces spectroscopy tech-
niques, to say some examples. Among all existing single-molecule tech-

niques, in this thesis we will focus in force spectroscopy techniques.

The most common single-molecule force spectroscopy technique are
Magnetic Tweezers (MT), Optical Tweezers (OT), and Atomic Force Mi-
croscopy (AFM). The history of these techniques is the following. First,
in 1949, Francis Crick (1916 — 2004) and Arthur Hughes demonstrated
that tiny magnetic beads, phagocytoced by whole cells grown in culture,
could be manipulated by an external magnetic field [5]. This experi-
ments were the embryo of the actual magnetic tweezers. Second, in 1970,
Arthur Ashkin (1922 - 2020) reported for the first time the detection of
optical forces pushing dielectric micron-sized particles [6]. One of the
results of this research was the invention of the optical tweezers in 1986.
For this invention, Ashkin earned the 2018 Novel Prize of Physics. Third,
in 1986, Gerd Binnig (1947 - ) and Heinrich Rohrer (1933 — 2013) devel-
oped the famous Atomic Force Microscopy, which is a high-resolution
type of scanning probe microscopy with resolutions ~1000 times bet-
ter than the optical diffraction-limit [[7]. For this invention Binnig and

Rohrer earned the 1986 Nobel Prize for Physics.

The three presented techniques, MT, OT, and AFM, exert forces in the
pico Newton (pN = 107!2 N) range and measure molecular extensions
with nanometric resolution (nm = 10~ m) [8]. This range of force and

distance allows for work values in the order of pNxnm ~ kT at room
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Figure 1.1.: Single-molecule force spectroscopy techniques. (a) Mag-
netic Tweezers. (b) Optical Tweezers. (c) Atomic Force
Microscopy

temperature, 25°C, allowing to measure thermal fluctuations and molec-
ular energies. The main features of the three techniques are detailed
below, accompanied by a schematic cartoon of the three experimental
instruments in Fig[1.1]

o MT (Figure [1.1h) are based on the principle that magnetic objects
subjected to an external magnetic field B experience a force f pro-
portional to the gradient of B, f « VB. The instruments based
on this principle operate as follows: the nucleic acids or protein
molecules are tethered between two molecular handles. One han-
dle is attached at a glass surface, while the other is attached at the
surface of microscopic magnetized beads. By moving the magnets,
which generate the magnetic field, relative to the glass surface we
change the force exerted to the molecular construction. The molec-
ular extension, x, at a given force (magnet position) is determined
by the equipartition law: f = kpT - x/(Ax?). The stiffness of these

instruments are proportional to the size of the beads, the magnetic
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field, and the molecule under study. However, the typical stiffness
of the magnetic traps are ~ 10~#pN/nm covering a force range
between 1072 and 10% pN.

Magnetic tweezers present two important advantages over the other
two instruments. On the one hand, MT allow exerting torque on
the molecules, allowing to study the elastic and torsional proper-
ties of the molecules. On the other hand, MT allow parallel force
measurements of different beads simultaneously, facilitating data

collection.

OT (Figure [1.1p) are based on the optical gradient forces gener-
ated by a highly focused laser beam interacting with a dielectric
microscopic bead with a refraction index higher than that of the
surrounding medium (more details will be provided in chapter
[2). A typical experimental setup is as follows: the molecule un-
der study is tethered via molecular handles between two dielectric
beads (typically on the order of 1-3 ym). One bead is kept fixed
by air suction (or using a fixed optical trap), while the optical trap
controls the other bead. Moving the optical trap relatively to the
fixed bead allows us to exert forces on the molecule. The connec-
tions between the handles and the beads are specifically chosen
to be different between beads, but both strong enough to do not

break during the experiments (see chapter [2| for further details).

The operating force range in OT instruments is 10~! — 102 pN with
a force resolution of 10~! pN and trap stiffness close to 107! —
1072 pN/nm. All these parameters can be changed by varying
the bead size, the difference between the refraction index of the
beads and the surrounding medium, and the laser power. One of
the main advantages of the OT is the possibility to directly mea-
sure the force exerted on the bead without post-processing tech-
niques. Moreover, the OT can be easily combined with other single-
molecule techniques, such as fluorescence or single nano-channels

sensors, expanding the instrument’s range of applications.



1.3 SUMMARY OF THE THESIS

e AFM (Figure [1.1f) is widespread used in topographic imaging,
however, AFM is also used as a force spectroscopy tool. The prin-
ciple to use the AFM as force spectroscopy tool is the following:
One end of the molecule under study is connected at the tip of a
cantilever, while the other is fixed in a substrate. In the backplane
of the tip, we focus a laser to measure the depletion of the light
when the substrate is moved up and down. The depletion of the
light is proportional to the force exerted on the molecule. The typ-
ical force range of AFM instruments is 10! — 10% pN, with stiffness

~ 10 pN/nm. This stiffness gives a spatial resolution of ~ 1 A.

All these techniques has been used to characterize the thermodynamic
properties and to measure the molecular free energy landscape that gov-
erns the folding process different biomolecules in in vitro conditions

loHz1].

1.3 SUMMARY OF THE THESIS

In this thesis, equilibrium and non-equilibrium single-molecule experi-
ments are carried out to derive the thermodynamic, kinetic, and elastic
properties of different molecular constructions. Furthermore, the essen-
tial protein folding problem has been studied from the obtained results.
In addition, the scale and resolution of such systems provide an excellent
platform to test the new developments in the field of thermodynamic in-

formation. The results of this thesis are divided into six parts.

The first part of this thesis, Part I, is divided into two chapters to
provide the basic concepts to understand the results of the thesis. In
chapter 1} a brief introduction to the single-molecule biophysics field
and a summary of the force spectroscopy techniques are provided. In
chapter |2} the molecular constructions used in this thesis are presented
(section [2.1). Moreover, a detailed description of the physics behind the

optical trapping phenomenon is provided in section In addition, in
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section the main features of the instrument used in this thesis are

presented.

In Part II, different kinds of feedback protocols are employed to inves-
tigate nucleic acids hairpins’ unfolding and folding process under dif-

ferent experimental conditions. The obtained results shown in chapter
In Part III, the protein folding problem is studied from pulling exper-

iments using the paradigmatic two-state protein barnase. The obtained

results are presented in two chapters

o In chapter |4} the temperature-dependent enthalpy, entropy and en-
ergy of barnase are derived using calorimetric force spectroscopy

experiments.

o In chapter |5} the molecular free-energy landscape of protein barnase

is derived from kinetic measurements using the Bell-Evans model.

In Part IV, the temperature dependence of thermodynamic, elastic,
and kinetic properties of nucleic acid hairpins are derived using a temperature-
jump optical trap. The results from this investigation are divided into

three chapters.

e In chapter [] the elastic properties of single-stranded and double-
stranded DNA molecules are derived from pulling experiments in

a temperature range between 5 — 50°C.

e In chapter[z} DNA hairpins with specific sequences have been used
to derive the temperature-dependent enthalpy, entropy, and free-
energy difference for GC and AT base pairs. Furthermore, from
the temperature dependence of these thermodynamic potentials,

the heat capacity change of each base pair has been derived.

e In chapter[8] unzipping experiments at different temperatures have
been carried out to derive the temperature-dependent free-energy
difference for the 16 different DNA motifs of the nearest-neighbor

model.



1.3 SUMMARY OF THE THESIS

In Part V, the results of two collaborations based on single-molecule

experiments are presented.

e In chapter|g] the molecular free-energy landscape of different DNA
hairpins exhibiting different intermediate state along folding and
unfolding are studied to provide new insights into the molecular

folding problem.

e In chapter|[10] kinetic measurements derived from non-equilibrium
pulling experiments are used to characterize the binding of netropsin
to DNA hairpins.

Finally, in Part VI the main conclusions derived along this work are

summarized and future lines of research are presented.
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EXPERIMENTAL SETUP

This chapter presents an introductory description of the biomolecules
(i.e., nucleic acids and proteins) used in this thesis and a general descrip-

tion of the optical tweezers instrument used throughout the thesis.

2.1 BIOMOLECULES

Biomolecule is the term used to refer to biological molecules present in
organisms. These molecules play several roles in different biological
processes, such as cell replication, ion transport, or storing genetic infor-
mation. Such molecules are often endogenous, i.e., produced within the
organism, but cells usually need exogenous biomolecules, i.e., produced
outside the organism, to carry out biological processes. Biochemistry
and biophysics study the formation and reactions of biomolecules, e.g.,

drug delivery, protein formation, and nucleic acid thermodynamics.

See below a brief biochemical description of the biomolecules studied
in this thesis.

2.1.1  Nucleic acids

Nucleic acid is the umbrella term for deoxyribonucleic acid (DNA) and

ribonucleic acids (RNA) molecules, which are essential for life as they
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store and carry the genetic information for the development, growth,

and reproduction of all known organisms [12].
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Figure 2.1.: Chemical structure of nucleic acids. The chemical structure
of a nucleotide is formed by a phosphate group (red), plus
a pentose sugar (green) and a nucleobase (purple). The nu-
cleotides are connected by phosphodiester bonds between
the phosphate group and the 5-carbon sugar.

Nucleic acids are biopolymers composed of nucleotides; the latter are
compounds formed by a phosphate group and a nucleoside. The nucle-
oside is composed of a nitrogenous base or nucleobase and a pentose
(i.e., five-carbon sugar) (Fig. [2.1). The pentose can be either a ribose in
RNA or deoxyribose in DNA. Five different nucleobases exist which are:
Adenine (A), Guanine (G), Uracil (U), Cytosine (C), and Thymine (T).
While A, G, and C are common for RNA and DNA, U appears only in
RNA and T in DNA. The bases are classified into two different groups:
purines (A and G) and pyrimidines (C, U, and T). A phosphodiester
bond links individual nucleotides from the 3’ sugar carbon to the 5 the
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following sugar carbon forming a nucleotide chain. The prime notation
denotes the directionality of the molecule (Fig. [2.1). Finally, the structure

of nucleic acids are ranked into four levels [13]:
e Primary structure: It corresponds to the nucleotide sequence.
e Secondary structure: It refers to interactions between bases.

o Tertiary structure: It indicates the three-dimensional structure of

the molecule.

e Quaternary structure: It refers to ensembles between different ter-

tiary structures.

In particular, this thesis is focused on the study of thermodynamic

and kinetic properties of DNA molecules.

Deoxyribonucleic acid (DNA)

DNA molecules are found inside the cell nucleus, and mitochondria
of Eukaryotic cells combined with packaging proteins called histones
[14]. The complex DNA-histones is named chromosomes and its primary
function is to store, preserve and transmit the genetic information from

generation to generation.

In 1953, James Watson and Francis Crick discovered the tertiary struc-
ture of DNA molecules, i.e., the 3D structure of DNA was resolved [15].
This discovery was possible thanks to the crucial experimental works
done by Maurice Wilkins, and Rosalind Franklin [16}/17]. Those re-
sults show that DNA is formed by two anti-parallel single-stranded
DNA (ssDNA) molecules (see Fig. [2.1), one oriented from the direc-
tion 5'—=3" whereas the other runs from 3’—5’. The resulting double-
stranded DNA (dsDNA) molecule is a right-handed helix keeping the
negatively charged phosphates in the major groove of the helix (see Fig.
[2.2). The nitrogenous bases are located in the inner part of the double he-
lix and therefore are physically protected from the surrounding medium.
The two nucleic acid strands are joined by base-pairing, mainly follow-

ing the canonical Watson-Crick complementary rule (Fig. [2.2):
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e A interacts with T via two hydrogen bonds: A =T

¢ G interacts with C via three hydrogen bonds: G = C

Guanine = Cytosine Adenine = Thymine
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Figure 2.2.: Structure of dsDNA. Canonical Watson-Crick base-pairs for
DNA (top). Illustration of the double-helix pointing out its
structural parameters (bottom).

The most common double-helices structure of canonical dsDNA molecules
is named B-form. This structure consists of a right-handed helix with a
diameter of 2.1lnm with 10 base-pairs (bp) per turn. The distance be-
tween consecutive bp is 0.34nm [18]. Nevertheless, in solutions with
alcohol or high ionic strength other structures have been observed, such
as the A-form (right-handed double helix with 11bp per turn) or the
Z-form (left-handed double helix with 12bp per turn).

2.1.2 Proteins

Proteins are macromolecules carrying out several functions within organ-
isms, e.g., DNA replication, contributing to structure cells and organ-
isms, and exerting mechanical forces inside and outside cells. The shape
and function of the proteins are defined by their amino acid sequence,
which is codified in the DNA. These biomolecules are formed by one or

more long chains of amino acids residues named polypeptide chains.
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Amino acids are the building compounds of the polypeptide chains,
analogous to the nucleotides in nucleic acids. Amino acids are organic
compounds that contain amino (-NHj) and carboxyl (-COOH) func-
tional groups, along with a side chain specific to each amino acid. The
genetic code specifies 20 standard amino acids. Amino acids are linked
together through covalent bonds between the amino group of one amino
acid and the carboxyl group of the following amino acid. Like amino

acids, the structure of proteins are ranked into four levels:

e Primary structure: It corresponds to the protein sequence, i.e., the
amino acid sequence. The sequences are read from the amino-

termini (N-termini) to the carboxyl-termini (C-termini).
e Secondary structure: It refers to interactions between bases amino
acids. The most abundant secondary structures are:
— w-helices: right-handed spirals.

— B-sheets: B-strands (two polypeptide chains joined in parallel)
connected laterally by at least two or three backbone hydro-
gen bonds.

— random coils: stable structures with amino acid chains col-

lapsed randomly.

o Tertiary structure: It indicates the three-dimensional structure of
the protein (combination of a-helices, B-sheets, and random coils.
e Quaternary structure: It refers to ensembles between proteins.

This thesis is focused on the thermodynamic study of protein Barnase.

Then, some specific details of this protein will be presented below.

Barnase

Barnase is a 110 amino acids bacterial ribonuclease globular protein se-
creted by Bacillus amyloliquefaciens, which in physiological conditions de-
grades RNA in the absence of its protein inhibitor barstar [19]. The
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high solubility and stability of barnase makes a paradigmatic protein
to investigate the folding kinetics of globular proteins, by combining
phenomenological approaches (e.g., the phi-value analysis) with protein

engineering and site-directed mutagenesis methods [20].

C-. .
termini B-sheet

a-helix 2

/ a-helix
termini  a-helix 4 3

Figure 2.3.: Structure of Barnase. 3D structure of Barnase obtained with

1.5A resolution. In red are highlighted the a-helices, in blue
the B-strands (a single B-sheet), and in green the random
coiled polypeptide chain.

The tertiary structure of native barnase has been obtained with X-ray
diffraction with 1.50 A resolution [21]. The structure is formed with four
a-helices (helix 1: Phey-Tyr1y; helix 2: Lys27-Leu3s3; helix 3: Ala3y-Lys3o;
helix 4: Leugq2-Valg5) containing a total of 25 amino acids surrounding a
single B-sheet (with four B-strands) located in the protein core. The rest

of the amino acids are in a random coiled conformation (Fig. .

2.2 OPTICAL TWEEZERS

The understanding of light has been and continues to be one of science’s
motors. In the 1oth century, Hasan Ibn al-Haytham (965 - 1040) did
revolutionary works and experiments with lenses and mirrors to explain
the reflection and refraction and to understand the vision mechanisms.

For his works, Ibn al-Haytham is worldwide recognized as the father of
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modern optics. A Latin translation of his most widely recognized work,
Kitab al-Manazir, was made in the late 12th or early 13th century and
influenced the intellectuals of the moment in Europe to investigate the

nature of light.

In the 13th century, Roger Bacon (1215 - 1294), inspired by the works
done by Ibn al-Haytham 300 years before, realized that lenses could be
used to correct human vision. In the 16th century, the invention of the
first optical microscope was a tipping point in science, especially in bi-
ology. In 1665, Robert Hooke (1635-1703) detailed the first microscopic
observations and defined, for the first time, the concept of the cell. Af-
terward, Anton van Leeuwenhoek (1632 - 1723), considered one of the
fathers of microbiology, wrote approximately 560 letters to scientific insti-
tutions concerning his observations and discoveries and popularised the
use of optical microscopes. In parallel, there was a great debate related
to the nature of light. On the one hand, Robert Hooke, among others,
considered light as a wave to explain reflection and refraction. On the
other hand, Isaac Newton (1642 - 1727) explained white light as a mix-
ture of particles of different colors. For a century, Newton’s theory was

the accepted one, thanks to its prestige.

At the dawn of the 20th century, Max Planck (1858 — 1947) demon-
strated that the energy stored within an object should be composed of an
integer number of discrete, equal-sized parts (denoted as quanta). Later,
Albert Einstein (1879 - 1955) proposed the existence of light quanta to
explain the photoelectric effect. These light quanta are the so-called pho-
tons. Photons exhibit wave-particle duality, featuring properties of both
waves and mass-less particles. The photon theory is the most consoli-
dated theory nowadays to explain the nature of light. In 1960, the first
laser (an acronym for Light Amplification by Stimulated Emission of Ra-
diation), based on the stimulated emission stated by Einstein, was built
to study the interaction between matter and light. Moreover, the use
of lasers emerged as an influential tool for science and designing new

instrumental devices.
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2.2.1  Optical trapping principles

Geometrical optics is the most commonly used method to illustrate light
propagation, reflection, and refraction. This methodology describes the
propagation of light by rays, each one representing a certain number N

of photons with a momentum, B, equal to:

ﬁ:N%ﬁ . (2.1)

In Eq.(2:1), 4 is a unitary vector indicating the direction propagation
of the ray, h is the Planck constant, and A is the wavelength of light.
The conservation of momentum is the physical principle of the optical
trapping. To explain optical trapping, let us consider a laser beam with
a Gaussian intensity profile passing through a micro-sized (bigger than
the light wavelength) sphere that reflects a small amount of light and

refracts most of it.

<— Intensity profile

Optical axis

Figure 2.4.: Optical trapping principles. Geometrical optical scheme of
the interaction between a Gaussian laser beam Gaussian and
a microscopic sphere, highlighting the resulting forces.

In a Gaussian laser beam, the rays in the center are more intense than
those at the edges (Fig. [24), i.e., the number of photons propagating
along the center is larger than at the edges. The propagation direction

of the laser beam is known as the optical axis. Let us consider now that
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one of these rays, e.g., the most intense one, interacts with a micro-sized
dielectric sphere (hereafter referred to as a bead). First, a small amount
of the incoming ray (thick white arrow in Fig. is reflected at the
external surface of the bead (dashed thin white arrow in Fig. [2.4). The
rest of the light is refracted inside the bead changing its propagation

direction. The new direction is calculated using Snell’s law,
nysinf; = npsiné, . (2.2)

In Eq., ny and n, are the refraction indices of the medium and bead,
respectively, and 0; and 6, are the incidence angle respect the normal
of the interface in the surrounding medium and bead, respectively. The
same procedure is required to calculate the leaving angle when the ray
leaves the bead. Optical trapping is achieved when in conditions where
ny < ny, i.e., water and glass beads.

Finally, considering Newton’s second law, a change in the linear mo-
mentum is translated into a force exerted on the photons. Moreover, as
the force exerted to the photons is a result of the interaction between
light and the bead, it means that according to Newton’s third law, a
force in the opposite direction is exerted to the bead (solid black arrow
in Fig. [2.4). This resulting force is commonly named radiation pressure
or force of light. The total net force exerted to the bead is the resulting
radiation pressure of all rays passing through the bead. The net force
F is decomposed into two different contributions, the scattering and the
gradient forces (dashed black arrows in Fig. [2.4). On the one hand, the
scattering force pushes the bead along the optical axis. On the other

hand, the gradient force pushes the bead towards the optical axis.

In 1970, Arthur Ashkin (1922 — 2020) experimentally demonstrated
that the radiation pressure from visible laser light (514.5 nm) accelerates
microscopic glass spheres along the propagation direction [6]. Moreover,
in the same work, Ashkin proposed to use two counter-propagating
lasers focused at the same point to suppress the scattering force to trap
dielectric beads at the focal point. The latter is the main principle of the

optical tweezers instrument.
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2.2.2  Optical Tweezers instrument

This section presents the main features and characteristics of the optical
tweezers instrument used throughout this thesis. The instrument used in
this thesis is an updated version [22] of the original instrument designed
by Steve B. Smith and Carlos Bustamente in 2003 [23]. The instrument
used in this thesis is based on the original idea proposed by Ashkin in
1970 with an extra collimated laser to change the temperature near the

optical trap.

Optical path

The optical trapping instrument is based on two counter-propagating
lasers generating a single optical trap. The optical path of each trapping
laser is symmetric concerning the other one (see Fig. . One of the
main characteristics of this instrument is its short optical paths. For this
reason, this instrument is named miniaturized tweezers or MiniTweez-

ers. The optical scheme of this instrument is presented in Fig2.5|

Two identical 845nm wavelength laser diodes (Laser A and B in Fig[2.5)
are directed through a single-mode optical fiber to generate and guide
the trapping laser beams. The optical fiber is glued inside a brass tube,
and two perpendicular piezoelectric actuators tilt the brass tube to change
the position of the trap. The junction of the piezoelectric actuators and
brass tube is known as a wiggler. At the output of the wiggler, the light
exits the optical fiber and is emitted into the air. Both lasers are emitted
with linear polarization. Each polarization is perpendicular to the other
to avoid trash-talk between the two lasers. To explain the function of the
elements inside the instrument, we will focus on the optical path of laser
B (remember that the optical system is symmetrical for laser A). After
leaving the wiggler, the light passes through a polarized pellicle reflect-
ing about 8% of the light and letting the remaining 92% pass through
it. Therefore, most of the light is used to form the optical trap. The

reflected light passes through a converging lens, which focuses the light
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Figure 2.5.: Optical paths of the MiniTweezers.

on a photo-sensitive detector (PSD) to measure the trap’s position. Af-
ter passing through the pellicle, the light is collimated and directed to a
polarizing beam splitter (PBS), reflecting the light to the microscope ob-
jective. However, before focusing the light, it passes through a A/4 plate
or retarder, which converts the linearly polarized light into circularly

polarized light.

The laser beam is focused and subsequently collected via two Olym-
pus x60 1.2NA microscope objectives. The microscope objective that
focuses the light is working in under-filling conditions. Then, even the
laser beam is tilted, the second objective collects all the rays of the beam.
This fact is relevant because it defines one of the most distinctive features
of this instrument. The under-filling condition allows us to measure
the exerted force by directly observing the deflection of light passing
through the trapped object. To directly measure the force, the light is
sent to two detectors using a beam splitter (BS). Half of the light is used
to measure the scattering force via a photo-detector (PD), while the other

half is used to measure the gradient force via a PSD.
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Force detection

As already mentioned, one of the most representative features of the
MiniTweezers is that force is measured directly from the light deflection.
To study how the deflection of light is proportional to the exerted force
it is necessary to study the rays passing through the trapped bead (Fig.
. First, let us consider the case where a dielectric bead is placed in
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Figure 2.6.: Force detection. (a) Light deflection when the bead is in the
center of the optical trap, i.e., zero force. (b) Force deflec-
tion when the bead is displaced concerning the focal point
in the perpendicular (X,Y direction), and propagation (Z di-
rection) direction. (c) Left: Case where only gradient force is
applied to the bead. Right: Case where only scattering force
is exerted to the bead.

the focal point of the laser, i.e., no force is exerted to the bead (Fig. ).
In that particular case, the rays would not be affected by the presence
of the bead. In figure [2.6p, the red rays correspond to the edges of the
Gaussian beam, while the dashed black lines correspond to the limit
angle of the microscope objectives. Let us consider the case where an
external force displaces the bead in the three (X, Y, and Z) directions, i.e.,
the bead is entirely out of focus (Fig. [2.6b). In this case, the light pass-
ing through the bead is deflected and unfocus, i.e., the beam changes
its diameter. The light is split into two to measure the gradient force
and scattering force. On the one hand, a PSD detector measures the

deflection relative to the zero-force case to measure the gradient force
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(Fig. [2.6f-left). On the other hand, a PD detector measures the change
in diameter to determine the scattering force (Fig. [2.6f-right).

The gradient and scattering forces are calibrated using Stoke’s law that
relates the drag force f that undergoes the bead moving through a fluid

at a constant velocity v:
f =6muRo (2:3)

where R is the radius of the bead, and y is the viscosity of the medium.
Using beads with known radius and distilled water, the force is cali-
brated by measuring the deflection and defocus of light as a function of

the velocity:
fx(y) = Cx(y)PSDx(y) (Ux(y)) and fz = CZPDZ (”UZ) . (24)

In Eq. Cy,y,z is the calibration factor, PSDy, is the measurement
from the PSD detector and PD is the PD detector measurement.

Temperature controller

Finally, the last distinguishing feature of the instrument is the capacity
to raise the temperature near the optical trap [22]. The temperature in-
crement near the optical trap is achieved by heating the medium using
a third 1435nm wavelength laser. This last laser is focused on the back-
focal plane of the microscopy objectives. Consequently, the heating laser
is collimated at the optical trap position (analogous to Kohler illumi-

nation). The heating laser enters the optical from the right arm of the

symmetric optical path (see Fig[.5).

The 1435nm wavelength is chosen due to the light absorption peak of
water. Water is the solvent used to prepare the buffer solutions through-
out the thesis. This peak is about three orders of magnitude higher than
the absorption corresponding to the wavelength of the trapping lasers
(845nm).
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A Stokes test is performed to determine the temperature inside the
microfluidic chamber where the single-molecule experiments are carried
out. The temperature inside the chamber at discrete laser powers is de-
termined from the slope of the force versus velocity curves by varying
the velocity and the laser power (Fig. [2.7). The instrument is placed in
a 25°C temperature-controlled laboratory. From this initial temperature,
the heating laser raises the temperature of the buffer surrounding the
optical trap from the initial 25°C to around 50°C. Contrary to the force
calibration, when the heating laser is turned on, the force, velocity, and
radius are known, but the temperature-dependent viscosity is not. Us-
ing the Vogel-Fulcher equation equation, the temperature at each laser

power is derived from the viscosity.
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Figure 2.7.: Stokes’ test. Stokes’ test measured inside (right) and outside
(left) the icebox.

Moreover, as this instrument is a miniaturized optical path instrument,
the instrument can be placed inside an icebox with an internal temper-
ature of around 5°C. This fact allows us to obtain a temperature range

ranging from 5°C to 50°C.

2.3 SINGLE-MOLECULE EXPERIMENTS

Commonly, to carry out single-molecule experiments using an optical
tweezers instrument is necessary to tether the molecule under study be-

tween two micro-sized dielectric beads, where optical traps control one
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or both beads. In particular, in this thesis, the molecules are tethered
between two dielectric beads with diameters 3.15ym (Kisker Biotech-
nologies) and 2.17um (Spherotech, SVP-20-5). The optical trap controls
the 3.15um bead (bead type I), while the 2.17um bead (bead type II) is

kept fix at the tip of a micro-pipette by air suction.

a] Barnase

. IE)) - %
AD beads
c % dispenser
tubs

N —
e > |
A2 ]
(/4 Il e

" i
’ySA beads "micro—pipette =—trash

Figure 2.8.: Microfluidic chambers. (a) Barnase and (b) DNA hairpins
tethered between two dielectric beads. In both cases, the AD
bead is controlled with the optical trap, while the SA bead
is fixed by air suction at the tip of a glass micro-pipette. (c)
Mlustration of the microfluidic chambers used throughout
this theses. The upper (bottom) channel provides the AD
(SA) beads to the central one via a dispenser tube.

b) DNA hairpin
N\

This thesis is focused on the study of the thermodynamic properties
of DNA and protein molecules. In particular, it is studied the protein
barnase (Fig. @F\) and different sorts of DNA hairpins (Fig. @b). The
synthesis details are provided in App. E For both kinds of biomolecules,
the molecule under study is attached to the beads via dsDNA handles.
In addition, these handles act as spacers and prevent non-specific interac-
tion between the beads and the molecule. Protein barnase is attached to

two identical 500bp dsDNA in its N- and C-termini via cysteine-thiol
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chemical reduction. The DNA hairpins are designed as follows: an
oligonucleotide chain with the sequence of the studied hairpin flanked
by two 29 bases ssDNA handles are ordered to SigmaAldrich. A com-
plementary 29 bases ssDNA oligo is attached to the ssDNA handle to
produce the desired dsDNA handles.

The 5”-end of one handle is labeled with one biotin, while the 3"-end of
the other handle is labeled with a digoxigenin. Biotin- and digoxigenin-
labeled ends specifically bind to streptavidin and anti-digoxigenin. To
have reproducible experiments, the type I beads are coated with anti-
digoxigenin (AD bead), whereas the type II beads are coated with strep-
tavidin (SA bead). This procedure is the same for barnase and DNA

hairpins.

A sketch of the microfluidic chamber where the experiments are car-
ried out can be seen in Fig. . The chamber consists of three microflu-
idic channels. The experiments are carried out in the central channel,
while the top and bottom channels are used as dispenser channels for
the AD and SA beads, respectively. With this configuration, the central
channel is kept clean of beads during the experiments. The microfluidic
chamber is handmade, and it is made by a NescoFilm layer, which has
the channels cut off, sandwiched between two Cover Glass, No. 1.5, 24 x
60mm. One of the glass coverslips has six holes to introduce and remove
the buffer solution from the channels. Two glass dispenser tubes (Gar-
ner Glass CO.), with an outer diameter of 100ym and an inner diameter

of 40um, connect the dispenser channels with the central one.

In this thesis have been carried out two different single-molecule ex-

periments: hopping and pulling experiments.

Hopping experiments

Equilibrium hopping experiments are carried out under to possible modes:
passive or active. In the passive mode, the optical trap is kept fixed at dif-
ferent positions to record the thermally activated unfolding and folding

transitions from the force signal. For a given trap position, i.e., fixed dis-
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Figure 2.9.: Passive equilibrium hopping experiments. (a) Scheme of
the molecular construct tethered at a given trap position
when the hairpin is folded (left) and unfolded (right). (b)
Force-time trace recorded at fixed trap position.

tance between the center of the optical trap and the fixed end, molecules
with only two states (folded and unfolded) present two force levels. Each
force level is proportional to the elasticity of the elements of the system
formed by the trapped bead and the molecular construction. The bead is
displaced concerning the center of the optical trap exerting an external
force to the molecular system. Relative to the unfolded case, when the
molecule is folded, i.e., short molecular extension, the AD bead is more
displaced, resulting in a higher force (Fig. ). Recorded time traces
typically span a few minutes at each trap position, which allows us to

characterize the force dependence of such transitions (Fig. ).

In contrast, in active hopping experiments, a force feedback protocol
is activated to keep controlled the position of the bead relative to the
center of the optical trap (Fig. . In these experiments, the trap
position signal is recorded as a function of time to measure the ther-
mally activated transition between the different states involved in the
folding/unfolding pathway. A force feedback protocol implemented in

these sort of experiments has been studied in references [24}25].
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Figure 2.10.: Active equilibrium hopping experiments. (a) Scheme of
the molecular construct tethered at a given force when
the hairpin is folded (left) and unfolded (right). (b) Trap
position-time trace recorded at fixed force.

Pulling experiments

In pulling experiments, the optical trap is repeatedly moved up and
down, increasing and reducing the distance between the molecular con-
struct’s ends. The movement is done at a given constant speed. Force
is ramped between an initial force, where the molecule is folded, and a
maximum force value, where the molecule is unfolded (Fig. ). For
small DNA hairpins or the studied protein (barnase), during stretching
(red curves in Fig. [2.11p), the unfolding event is observed as a sudden
force rip in the force versus trap position A (distance) curve (FDC). More-
over, thanks to the folding reversibility, the studied molecules (barnase
and small DNA hairpins) are mechanically refolded when distance is
reduced, i.e., when the force is released (Fig. ). Upon force release
(blue curves in Fig. ), a folding transition is detected as a force
jump at forces below the unfolding ones. Notice that the force-distance
curves shown in Fig. exhibit two different force branches, high-

lighted with dashed lines, associated with the elastic response of the
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system when the hairpin is in its folded and unfolded conformation (see
Fig. 2.10h).

In contrast, in pulling experiments using long DNA hairpins, the
FDCs exhibit a saw-tooth force pattern. In Figure [2.11f, are shown one
illustrative unfolding and folding trajectory. Each force rip in the FDCs
corresponds to the release of several base pairs, typically between 20
and 100bp. For this reason, these experiments are commonly known as

unzipping experiments.
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Figure 2.11.: Non-equilibrium pulling experiments. (a) Force and

trap position signal as a function of time. (b) Unfolding
(red) and folding (blue) force-distance curves recorded at
room temperature using an small DNA hairpin. (c) Force-
distance curve measured during the unzipping process of a
long DNA hairpin.
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MOTIVATION

In 1867, James Clerk Maxwell proposed a thought experiment to violate
the second principle of thermodynamics [26}27]. In such an experiment,
an entity known as the Maxwell demon separates the fast and slow gas
particles inside a box into two different reservoirs. This process is made
by just measuring the speed of the molecules and opening and closing
a gate to separate them. Both measurement and gate manipulation are
done without energy cost. Therefore, a temperature gradient between
the reservoirs is produced. In 1929, Le6 Szilard rethought the experi-
ment by Maxwell to demonstrate that the knowledge of some experimen-
tal information has thermodynamic implications. The experiment pro-
posed by Szildrd is known as the Szilard engine and has boosted a new
field of research, namely the thermodynamics of small systems under
feedback control or feedback thermodynamics. Szildrd engine has been
experimentally realized in colloidal systems [28-31], electronic [32}/33]
and optical devices [34H36], single molecules [37] and quantum sys-

tems [38H40].

In this chapter we address a new application of feedback thermody-
namics. The goal is to apply feedback to reduce dissipation in small
non-equilibrium systems. Most macroscopic and microscopic systems

in daily life applications dissipate and require feedback to reduce dissi-
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pation. Related to dissipation reduction is free energy determination, a
relevant question for molecular thermodynamics. The understanding of
dissipation reduction is vital in the nanoscale where dissipative molec-
ular processes are remarkably efficient (for instance, the typical > 90%
efficiency of the ATPase synthase). To address this interesting problem,
in this chapter we derive and test a fluctuation theorem describing dis-
sipation reduction in such kinds of feedback protocol. Moreover, we
introduce the concept of feedback strategy to optimize free energy deter-

mination.

3.1 INTRODUCTION AND HISTORICAL CONTEXT

Maxwell’s demon (MD) thought experiment [26}|27] has led to the in-
sight that information enhances the capacity to extract energy from a
system. In 1961 Landauer demonstrated that any irreversible logical op-
eration (such as bit erasure) dissipates at least kT log2 per stored bit
of information [41]. Bennett [42] applied this result to the Szilard’s en-
gine — a single particle version of the MD that extracts energy from a
thermal bath — and showed that bit erasure is an entropy producing step
necessary to restore the initial blank state of the memory of the demon.
The extension of stochastic thermodynamics [43] to include information
and feedback has led to novel fluctuation theorems (FTs) for work and
information [44}/45]. Generalized Jarzynski equalities have been derived
for isothermal feedback processes, where an external agent performs a
single measurement on a system and applies a protocol wy, that depends
on the measurement outcome m = 1,2,..., M. A main equality useful
for measurements with feedback reads [44]],
M
(exp [—(W = AG)/kpT]) = 21 Pe(mlwm) = v (1)
"=

with kp the Boltzmann constant and T the temperature. Here, W is
the work performed on the thermodynamic system, AG is the free en-

ergy difference and P (m|wy,) is the probability to measure m along
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the time reversal (+) of the original protocol w;,. Equation defines
the efficacy parameter (< M), which quantifies the reversibility of the
feedback process [46], reaching its maximum value (M) for reversible
feedback processes where P (m|wy,) = 1 for all m. Without feedback
wy = w and v = 1, with Eq.(3.1) the Jarzynski equality. It is convenient
to define the logarithm of the efficacy Y = log y, which is a bound of the
work that can be extracted in an isothermal feedback process. Y might

be called thermodynamic information or information utilization.

For discrete-time single measurements Y is bounded from above, —co <
Y <log M (M = 2 being the one-bit Landauer limit). Jensen’s inequality
applied to Eq.(3.1) yields,

(Wy) = (W) — AG > —kgTY = (Wy) + kgTY >0 (32)

where (W) is the dissipated work. Without feedback, Y = 0 and
(Wg)o > 0 where the subscript 0 denotes the non-feedback case. In
previous experimental realizations of the MD, feedback measurement is
operated in equilibrium systems where Y = log M is the maximum ex-

tractable work for equally likely outcomes, (W) = —kgpTY = —kgT log M.

For non-equilibrium processes, Eq.(3.2) shows that the dissipation is
bounded by —kpTY. For Y > 0, which correspond to the information-to-
work conversion, dissipation is reduced by at most —kgTY. Conversely,
one could apply feedback protocols where Y < 0 (information-to-heat
conversion) and dissipation increased by at least —kgTY. The latter case
is a non-productive feedback for dissipation reduction. This kind of
feedback has similarities with feedback in control theory, where pro-
tocols regulate experimental variables, e.g., by keeping them constant.
These types of protocols counteract deviations from a system’s specific
preset conditions rather than rectifying thermal fluctuations, leading to

increased dissipation (Y < 0).

For the case Y > 0, the dissipated work is reduced with respect to
the non-feedback case, (W;) < (W;)o. We define the information-to-
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energy efficiency, 17, as the amount of dissipation reduction, A(W;) =
(Wy)o — (Wy), relative to the second law bound, (W;)o + kgTY:

_ AW
n = W <1 (3-3)

This definition generalises the information-to-work conversion efficacy
for non-equilibrium systems. Notice, that for cyclic and reversible MD
devices (Wy)o = 0 so 5 = —(Wy)/kgTY , which is the standard MD

efficiency.

As previously mentioned in the motivation to this chapter, related
to dissipation reduction is free energy determination in molecular sys-
tems. It is an open question whether, by reducing dissipation, feedback
can improve free energy determination, what we call information-to-
measurement conversion. Free energy determination can be improved
if (Wy) +kpTY < (Wy)o, which implies that (W;) + kgTY decreases ap-
proaching the lower bound (equal to 0, Eq. (3.2)) and weakening of the
second law with feedback. Free energy determination improvement is
related to the Jarzynski relation Eq. and its bias, By, for N number
of work (W) measurements. Inserting Y = logy in Eq. we define,

By = (AGN) — AG

1Y W
AGy = —kgTlog (N Y e kBT> +kgTY (3-4)
i=1

with AGy the Jarzynski AG-estimator for N experiments and (...) the
average over many realizations of the N experiments. The average of the
exponential of (with minus sign) work in Eq.(3.4) is biased for finite N,
whereas the bounded and finite sum defining Y(= log ) in Eq.(3.1) is
not. By is positive and monotonically decreasing with N [47], vanishing
in the limit N — oo. Therefore, improved free energy determination
requires that By for N = 1 decreases with feedback relative to the non-
feedback case. From Eq.@ we have,

B = <AG1> —AG = <W> — AG+kgTY = (3.5)
= <Wd> +kBTY >0
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which is equivalent to Eq.(3.2). Therefore, weakening of the second law
implies reducing By, leading to improved free energy determination for
finite N.

To quantify information-to-measurement conversion we define the information-
to-measurement efficiency 7, as the relative difference between the sec-
ond law inequality bounds with feedback, (W;) + kgTY > 0, and with-
out feedback, (W;)g > 0:

W kgTY kgTY
M= 1—% :771+(771—1)<5Vd>0- (3-6)

This is our second definition of efficiencies in non-equilibrium condi-
tions. Equation leads to a new inequality, 7)1 < 7. Note that
nym = 1if and only if #; = 1, in which case dissipation reduction is
maximal, (W) = —kgTY, and AG = (W) + kgTY can be determined
with certainty. Improved free energy determination requires 11 > 0,
whereas for 775 < 0 no gain in free energy determination is obtained
with feedback: (W;) decreases with respect to (W) by exactly or less
than kg TY. In general, optimal free energy determination is obtained by

maximizing 7.

We address information-to-energy and information-to-measurement
conversion by combining theory and experiment. We introduce a new
feedback-FT for multiple repeated measurements that is applicable to
DNA unzipping experiments with optical tweezers. From the pulling
experiments (see Chap. Sec. and using a short (20 base-pairs)
DNA tetra-loop hairpin named L4 (Fig. [3.1), we measure the work dis-
tributions and Y to extract the efficiencies 71, 17)1. We investigate whether
reduced dissipation with feedback (Y > 0) improves free energy determi-
nation. We apply two different feedback protocols, namely discrete-time
feedback (DTF), and continuous-time feedback (CTF). DTF and CTF be-
ing particular cases of the new feedback protocol.
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Figure 3.1.: DNA sequence. The DNA hairpin is formed a 20 base-pairs
stem ended with a GAAA tetra-loop.

3.2 RESULTS

To address DTF and CTF in full generality we introduce the 1'Time-
Feedback (1%'TF) protocol, a repeated-time feedback protocol suitable
for pulling experiments (Fig[3.2) that interpolates between DTF and CTE.
In the 15TF protocol the trap-position range [Ain, Amax] is split into
discrete M + 1 steps, {A;0 < k < M} with boundaries Ag = Ay Ay =
Amax. The feedback protocol needs at least one intermediate measure

position, so M > 2.

The 1°'TF protocol works as follows; The initially folded (F) molecule
is pulled at a loading rate rr and measurements are taken at every dis-
crete position Ay along the forward (—) process (Fig. The state
of the molecule, ox(= F,U), is monitored at every Ay until a A is
reached where the molecule is observed to be in U for the first time,
ie, {op =U; oy =F, 0 <k <k"}. At Ay the loading rate is changed
to ry (Fig[3.2} top). Like in generic isothermal feedback processes, the
conditional reverse (+—) process is the time-reverse of — [48]: the unload-
ing rate is equal to ry; from Ay to Ay, after which the unloading rate
is changed back to rr between Ay and A, (Fig bottom). Therefore,

no feedback is implemented on <.

Let p7, () and p7_, (r) be the probability to observe the molecule in
state o (F or U) at Ay along — and <, respectively, at the pulling rate r.
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Figure 3.2.: Schematics of the general 15time-feedback protocol in a
pulling experiment. Note that the molecule can execute
multiple transitions at intermediate values of A (between
Ag_1 and Ap:) where no observations are made. A feed-
back response is only triggered when state U is observed
for the first time at the specific positions defined by the pre-
determined set {A}.

We derived a detailed and full work-FT for 15tTF (Appendix . The full
work-FT reads,

P%(W)) — exp {W_AGFU""}(BTYM}

pe(— kgT
M U (1)

with Yy = log < W¢k> . (3.7)
k=1 P k(rF)

W is the work measured as the area under the FDC between A,,;,, and
Amax, and AGpy is the free energy difference between the state U at
Amax and the state F at A,;,, i.e., AGry = Gy (Amax) — Gr (Ayin ). Work
distributions are given by,

M
Z (Wlk) v (3.8)

W)=Y o Wkip“"(”)f .
pe (-W) =e Zp k) i (r)lpk (3-9)

<~k
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p— (Wlk) and p (—=W]k) are the partial work distributions along —
and < conditioned to those — paths where U is observed for the first
time at Ay. ¥ and ¢ (1 < k < M) are the probabilities along — and <
to observe U at Ay for the first and last time at the single rate rr. Note
that while ¢, can be measured from — pulls with the feedback on, the
reverse quantities {y, pg’k (rg), and Pg,k (ry) are measured from reverse
pulls at either the unloading rates rr or ry; without feedback. Yj; in

Eq.(3.7) denotes the thermodynamic information,

M
Yyu =log <Z Py exp ]k)
k=1

. PE k (ru) {pk
th J, =1 —_ |, .
with Ji = log (r]ik (rF) Wi 510

where J; is the partial thermodynamic information along —, restricted
to those paths where U is observed for the first time at A;. Equa-
tion expresses Yy as a partition sum or potential of mean force
over the partial contributions J;. In the feedback case where ri; = rr,
Jx = log (fﬁk/wk) and Yy = log (Z,](Vil @k) = 0 and Crooks FT [49] is
recovered.

The DTF and CTF feedback protocols are particular cases of the 15TF
protocol: DTF corresponds to M = 2; whereas M — oo yields CTE.
Let us assume that the time between consecutive measurements at Ay is
equal to 7, in which case M — co corresponds to T — 0. To implement
CTF experimentally we take the lowest possible value of T as dictated by

the maximum data acquisition frequency of the instrument (7 ~ 1ms).

3.2.1 Discrete-time feedback

In DTF, the pulling rate along — is changed from rr to r at a given
trap position A if ¢ = U, otherwise it remains unchanged (Fig [3.3).
Therefore, if ¢ = F at A; the pulling rate is constant and equal to r¢
throughout the pulling cycle. Whereas if ¢ = U at Aj, the pulling rate
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Figure 3.3.: Discrete-Time Feedback. Experimental force-time unfold-
ing curves. The molecule is pulled at rr = 4pN/s and the
observation is made at Ay: if the molecule is folded (o = F)
the pulling rate remains unchanged (r = rr, orange curves);
if it is unfolded (¢ = U) the pulling rate is changed to
ru = 17pN/s, making refolding events less likely (purple
curves). The schematic summarizes the feedback protocol
and the reaction to the measurement outcome.

along <« starts at r = ry; and switches back to rr at A;. A detailed
feedback-FT is derived either from the detailed form of Eq.(3.7) for M =

2 or from the extended fluctuation relation [50|] (mathematical details are

provide in Appendix[C)
- W) [W=AGCru+ksT I
o (—Wilo, 7o) kgT
with I, = log (pi'_ (ra)) ;0 ={F U} (3.11)
’ % (re) )’ '

where ¢ (= F, U) is the measurement outcome at A; along —. p_, (W|o)
and p. (W|o,rs) are the normalized work distributions conditioned to
those trajectories passing through o at A; along — and <—, respectively.
p%, (rg), P (rs) are the probabilities to measure ¢ at Ay along — and
<, at the respective pulling rates. Finally, I, is the partial thermody-
namic information of measurement outcome ¢. Note that I, can take

any sign depending on the ratio p%_ (r,)/p% (rg), which can be larger
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or smaller than 1. Moreover, while all trajectories in — are classified in
one of the two groups ¢ = (F, U), only those that revisit again the same
o contribute to p. (—W]|o,r,). Therefore, the normalization condition

along —, Y, p%, (rp) = 1, is not applicable to <, i.e., Y, p7 (rs) # 1.
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Figure 3.4.: Verification of the detailed work-FT. Bottom: p_, (W|0o)
(solid lines) and p (—W|o, 1) (dashed lines) for ¢ = F, U
(orange, purple) trajectories. Top: Test of the detailed
feedback-FT Eq.(3.11) for o = F, U.

We apply DTF with r; > rr to extract partial work distributions
p— (Wlo) and p (—=W]|o,7s) by classifying trajectories depending on
the outcome ¢ at A1, and the protocol under which they are operated.
Figure [3.4| shows the partial work distributions for ¢ = F, U for rp = 4
pN/s, ry = 17 pN/s. For the F (U) subset we find that the work
distributions are shifted rightwards (leftwards) with respect to the non-
feedback case with crossing points (W;) such that Wi > AGry (W} <
AGry). These shifts reflect the fact that hairpin unfolding is on aver-
age more (less) energy-costly for the F (U) subset than without feedback
at the pulling rate rp. From Eq.(3.11) the measured shift, defined as
Wz — AGpy, equals —kgTI,. The p—, (W|o) and p (—W]|o,1,) fulfil
Eq. crossing at values Wj = AGpy — kgTl, with Ir =~ —0.5 and
Iy = 1.2 (Fig[3.4} top).
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Figure 3.5.: Thermodynamic information for DTE. (a) Probabilities
p%, (rp), p7 (rs) and (b) information terms I, and Y as a
function of the force in U measured at A;. Orange (pur-
ple) data are for ¢ = F(U). In (b) we also show I, without
feedback (empty symbols). Theoretical predictions from the
Bell-Evans model are shown as solid and dashed lines.

Figure shows p?, (rp), p7 (ro), Iru, and Y, versus the force in
U at A;. We choose force as a reference value to present the results
because it is more informative than the trap position A, the relative dis-
tance between the trap position and an arbitrary initial position in the
light-lever detector. In addition, the force dependence of the experimen-
tal values is adjusted to the Bell-Evans model. The Bell-Evans model is a
kinetic model commonly used to characterize the folding-molecular free
energy landscape. This model simplifies the landscape with a kinetic
barrier between the different states. This model will be exploited in fu-
ture chapters of this thesis. Here, the Bell-Evans model is used to model

the force-dependent Ir(;;) and thermodynamic information.
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Combining the detailed feedback-FT Eq.(3.11) for ¢ = F, U yields the
full work-FT Eq.(3.7) for M = 2 (mathematical details are provided in

Appendix[C),
pﬁ(W) |:W—AGFu+kBTY2:|
) ex .12a
with Y, = log < Y vl (rg)> =
o=F,U
= log ( Yo p% (re)exp 1(7), (3.12b)
oc=F,U

Y, being the thermodynamic information. The forward and reverse

work distributions are given by,

=37 (rF) p— (W|o) (3-13)

o

pe (W) =e Y22p<_ (re) pee (=Wlo, 10) (3-14)
o

For rp = ry we have pf_(r) + pY (r) = 1 yielding Y, = 0 and Crooks
FT [49] as expected. Figure [3.6h tests Eq.(3.12h) and Fig. [3.6b shows Y
and the efficiencies 77, 171 obtained from the experiments. Results are
compared with numerical simulations of the DNA pulling experiments
(details in Appendix |D) and a prediction by the Bell-Evans model. For
ru > re, pE(re) + pY (ry) > 1 and Yo > 0. In general, —o0 < Y <
log2 (0 < pZ_ (rs) < 1) showing that the Landauer bound holds for two-
state molecules pulled under DTE. Saturating the bound, Y, = log2,
requires full reversibility [46], i.e., pZ (ro) = 1, which is obtained for
arbitrary rf in the limit r; — oo (pY (ry) = 1) and Ay — Ay (e,
maximally stable F or pL_ (rf) = 1).

We find )y ~ —0.05 and #7; ~ 0.04 showing that information-to-
measurement conversion is much less efficient than information-to-work
conversion. Moreover, 17y < 0 throughout the whole force range shows

that DTF does not improve free energy prediction.

To better understand this result we have calculated the efficiencies #;

and 1) for DTF in the two-state Bell-Evans model, where force is the
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Figure 3.6.: Efficiencies for DTFE. (a) Top: Test of the full feedback-FT
Eq.(3.12h) with shift Y, (blue) with respect to the case with-
out Feedback (gray). Bottom: Work distributions. (b) Ther-
modynamic information, Y, (top), and efficiencies 7; and
nm (bottom) measured at different Ay (grey: simulations;
blue: experiments). Solid lines are the Bell-Evans model in
the single-hopping approximation (Sec. . In general,
Y, is bounded from above by the Landauer limit for binary
measurements (log2, dashed line). Notice that ) < 71, as
expected.

control parameter, using the single-hopping approximation (mathemat-
ical details in Sec. [3.2.2).

multiple transitions after the measurement position A;. Therefore, the

The single-hopping approximation neglects

analytical results derived from this approximation are lower bounds to
the true efficiencies. Figure shows that the analytical results capture
the trend of the experimental data but systematically underestimate the
measured efficiencies #; and #,s. The fact that #7,; < 0 throughout the
force range shows that although DTF does reduce dissipation it does
not improve free energy prediction. This conclusion is supported by the
results shown in Fig[3.7] Figure [3.7/shows the experimental free energy
bias (Eq.(3.4)) as a function of N number of pulling experiments at the
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experimental conditions shown in Fig. bias with feedback does not

decrease with respect to the non-feedback case.

4'| LLELELRLL | MLELLRRLL | T
L No Feedback (¥,=0) -~
Y,~ 036 m
[
3F Y,~ 033 -0 T
Y,~ 0.20
o 2} .

10° 10 10°

Figure 3.7.: Bias for three different DTF conditions compared to the
non-feedback case. There is no improvement in free energy
prediction: By is equal for all the explored cases compared
to the case without feedback.

3.2.2  The Bell-Evans model in the single-hopping approximation

To better understand under which conditions #; and #,s are optimal
under DTF protocols, we have carried out an analysis based on the two-
state Bell-Evans model where force is the control parameter. To analyze
dissipation reduction, we define A(W;) = (W;)g — (W;) > 0, the change
in the average dissipated work upon implementing feedback. It has
been shown that the Bell-Evans approximation where force is controlled
provides qualitatively identical and quantitatively comparable results to
the experimental condition where the trap position is controlled [51]. In
Figure we show a typical trajectory (state versus force) in the DTF
protocol in the model where the initially folded molecule is pulled at
f = rg. The pulling rate is then changed to f = ry; at a given force value
(f1) if the molecule is in U. A(W,) is only determined by the contribution
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of those trajectories that are in U at fy: trajectories that are in F at f; do

not change the pulling rate and therefore do not contribute to A(W).

U
3
©
=
wn
F
] [ 1 l
fmin f1 f f fmax
force
Figure 3.8.: Single-hopping approximation. In the single-hopping ap-

proximation the molecule refolds and unfolds again before
fmax after the measurement position (f1). The forces that de-
termine the trajectories U — F — U between f; and fiax
are f and f”, which are the folding and unfolding forces,
respectively.

To determine A(W;), we restrict the analysis to single-hopping trajec-
tories of the type U — F — U after fi. The average dissipated work in
the range (f1, fax) for the U-type trajectories is given by:

Wil usr—u = Puse—u(A) (" — f)xm (3.15)

where x,, stands for the difference in molecular extension between U
and F; f' and f” are the folding and unfolding forces of steps U — F
and F — U for the trajectory U — F — U (Fig; Pyr—u(f1) is the
fraction of trajectories of the type U — F — U, which in the current
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single-hopping approximation equals 1 — PY(f}, fmax), where PY(f1, f)
is the survival probability of U between f; and f. (f" — f') is given by,

(f"=f)= (3.16)

fmax u ! fmax
_/1 df/aps éﬁ,f)/, df//PsF(f/,f//)

where PE(f7, f"') is the survival probability of F between f’ and f”.

Moreover, A(W;) is proportional to the difference of the average dissi-
pated work between f; and fy.x calculated at the pulling rates r; and rr.
Equations (3.15), must be calculated at the pulling rates rr and ryg

to obtain the dissipation reduction in the single-hopping approximation,

AW, = (3-17)

P (rF) (W) usr—u(ru) — (Wa)usr—u(rF)]

where pY, (rr) is the fraction of trajectories observed at U and the dissi-
pated work is restricted to the range (fi, fmax). For practical purposes,
we take fyqx — o0 as the molecule always ends in U at fy,x. Equations
G13), (3.16), are numerically calculated for generic Bell-Evans
rates where survival probabilities have simple analytical expressions.
For the specific case relevant to the experiments, the transition state is

located at half distance between F and U, xt = x,, /2, we have

keou(f) = ko -exp (Bfx') (3.18a)

kecu(f) = ko exp [B(AG — fx")] (3.18b)

where kg is the kinetic rate at zero force, and AG is the free energy
difference between F and U (B = 1/kgT). Finally, for sufficiently high
forces where kr,_(;(f1)/(Bx'r) < 1, the average dissipation reduction is
obtained to first order in 1/7:

Xmkpur (f 1 )2 1 1

(———) (3.19)

MWa) =p20%) | 3 (v ) e
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which is positive for ri; > rr as expected, and negative otherwise. As
the molecule always starts in F at f,,;,, again, for practical purposes we
take fyi; — —oo. The survival probability of U along — (pY (rF)) is
expressed as:

krsu(f1)
Bxtrp

To calculate the efficiencies, we also need the values of (W;)g and kgTY>

for DTF, the latter being given by Eq.(3.12] ) (Wy)o is estimated from

the mean first unfolding force (fr_;) in the Bell-Evans approximation,

p(re) =1—exp (— (3.20)

(Wa)o = xm ({(frou) — fo) =

(m(i)) o

where f. = AG/x,, is the coexistence force (force where U and F have

the same probability of being observed). We also have,

kpTYa =log(pL(rr) + pL(ru)) (3-22a)
L) = exp (-0 (5.22)

and pf (r) = 1 — pY(r). We have calculated these quantities for the
parameters that best fit the experimental pulling curves for L4 without
feedback: kg = 2-10714s71, x, = 18nm, x* = 9nm, k3T = 4.114pN - nm,
B=1/kgT ~024pN~! -nm~!, AG = 64.2kgT, and f, = 14.66pN. From
these values we calculate the efficiencies defined in Egs.(3.3), (3.6),

_ MW
= <Wd>0 +kgTY>, (3-232)
A(Wd> — kgTY>
= "= .23b
m Wl (3-23b)

In Figure we show 71 and ) versus force for rr = 4pN/s and
ru = 17pN/s. The red continuous line corresponds to the results ob-
tained from Egs.(3.23h, [3.23b) by numerically solving Eqs. (3.15]3.17) to
determine A(Wd> in the smgle—hoppmg approximation. The dashed line
shows the 1/r leading term, Eq.(3.19), which holds for sufficiently high
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forces (f > 14.45pN where kr, ;(f)/(Bxtrg) < 0.3). The circles and

squares are the experimental and simulated results shown in Figure

n, (107

12+

13 14 15 16 13 14 15 16
f (pN) f (pN)

Figure 3.9.: Efficiencies for the single-hopping approximation. (a)
Dissipation-reduction efficiency #; (b) Information-to-
measurement efficiency #,s. Red solid line corresponds to
the exact solution of A(W;) derived from Egs. (3.15}(3.17),
and the red dashed line corresponds to the approximation

where kg ;(f1)/(Bx'r) < 1 (Eq.(19)).

3.2.3 Continuous-time feedback

CTF is the limit of AA(= Agyq — Ay), T — 0 for the 15'TF. The mathemat-
ical details are provide in Appendix [B| The detailed feedback-FT reads,

o (WA [W—AGrs +ksT J(A)].

e S
_Jog (P (A ru) ¥ (M) )

s =toe (S Gy G240
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while the full feedback-FT reads,

o0 (W) . W —AGry +kpTYw |
p<_(7W) - exp kBT ’ (3253)
/\mnx u (/\ T ) ~
Yoo =1o (/ Petlu) AdA):
g )\min pg (/\/ rF) lp( )
AWUXX
—tog ([ () exp (1) (3.25b)
with the forward and reverse work distributions given by,
)\max
oo (W) = [ o (WIA)p(A)AA (5.26)
—Y )‘ﬂlﬂ}\'
pe(=Wy=e [ o (W)
u
pe (A ry) ~
=1 (A)dA 2
o) P ) (327)

where (1) ((A)) is the probability density to observe the first (last)
unfolding (folding) event F — U (F < U) along — (+); pY¥ (A,7r) is
the probability density of the molecule being in U at A along < at the

unloading rate r.

Similarly to the partial thermodynamic information I, in Eq.(3.11), if

we define I} (A) = log (p7_ (A, 7")/p%, (A,r)), wehave | (A) = I[I"V (A) —

I (A) + Iy (A), with Iy (A) = log ( (A)/9(A)). Notice that for ry; =
rg, i.e., no feedback case, p (—W|A) = p (=W) and Yo = 0, but
J(A) = I () 0.

Equations (3.24b) and (3.25b) can be further simplified by neglect-
ing multiple hopping transitions between F and U. In contrast to the
previous single-hopping approximation, in this mean field approxima-
tion (MFA), we are considering trajectories with only one transition.
Neglecting multiple hopping transitions between F and U along —
(+-) implies that, once the molecule jumps to U (F) at a given A it re-
mains in that state until reaching Ay (Ayiy). Therefore we identify
Y(A) = c-ph (Are) pth (A1) and ¢ (A) = ¢ - pl (A, 1) pE (A, 7p)
where 1 (1) is the normalized probability along — (<) to observe U at
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a given value of A for the first (last) time at the single loading (unload-
ing) rate rr, and p‘;( H)()\,r) is the fraction of trajectories observed to
be in o(= F,U) at A with loading rate r. The p‘;<e>()\,r) are derived
using the Bell-Evans model (Eq. and )), and ¢, and ¢’ are

normalizing factors.

Terms ] (A) and Yo in Eqs. , ) are simplified as,
C/
Jmra (A) = Ir (A) + Iy (A) + log (?) (3-28a)

Amax
Ymra = log (/ g (A)era ) d)\) =

min

g [ B ) i
e pk ,rp)pw,rp)m

(3.28b)

with Ir (A) and Iy (1) in Eq.(3.28p) the partial thermodynamic informa-
tion as in Eq. for DTF at a given A. As mentioned before, the tran-
sition state of molecule Ly is located at half-distance of the molecular ex-
tension, resulting into nearly symmetric forward and reverse processes
without feedback. Therefore, ¢’ 2 ¢ and log(c’/c) = 0. Equation (3.28p)
shows Jpra (A) in CTF equals the sum of the I, (A) corresponding to
DTE. Ypira in Eq.(3:28p) is a good approximation for Ye, under highly
irreversible pulling conditions where the molecule executes a single un-

folding (folding) transition during — (<-).

We tested CTF in DNA hairpin pulling experiments (Fig. The
molecule initially in F is pulled at rr = 5pN/s and the state monitored
by recording the force every T = Ims until the first force jump is ob-
served at a given trap position A*. The force rip indicates that state
U has been visited for the first time at A*. Then the pulling rate is in-
creased to ry; = 23pN/s until the preset maximum force is reached. For
the reverse process the optical trap moves backwards at r; = 23pN/s
until A* and then the pulling rate switched back to rr = 5pN/s. By
repeatedly pulling, we collect enough statistics to test Eqs.(3.24h , [3.25h)
and measure | (1) and Ye. In Figure [3.11] (bottom), we plot p_, (W|/\),
p«— (—W/|A) for three selected A*, while in the top panel of Fig. [3.11} we
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Figure 3.10.: Continuous-time feedback. Experimental unfolding

curves obtained with rr = 5pN/s and r; = 23pN/s.

test Eq.(3.24h). By determining the crossing work values between p_,
and p, W* (A) = AGpy — kgTJ (A), we extract J (A).

Figure shows the values of ¢ and pY directly determined from
experimental FDCs for the two loading rates, rr = 5pN/s and ryy =
23pN/s (symbols) as a function of force. This has been fitted to the Bell-
Evans model (solid lines) to extract the kinetic parameters of hairpin
L4, in order to compare them with the simulations and the MFA. Fig-
ure [3.12p shows the experimental values of ] (1) determined from the
detailed feedback-FT Eq.(3.24h) (filled squares) together with the predic-
tions by the fits to the Bell-Evans model using Eq.(3.24b) (dashed line)
and the MFA, Eq.(3.28p), assuming that log(c’/c) = 0 (solid line).

In Figure we test the full feedback-FT Eq.(3.25h). For compari-
son we also show the non-feedback case. We emphasize the importance

of properly weighing p. (—W/A) to build p. (—W). An unweighted re-
verse work distribution ([ p. (—W|A)dA, blue) does not fulfil the FT
(inset, blue points), and the slope of the fitting line (~0.08) is far below 1.
Figure (top) shows Yo, for different experimental conditions (black
circles) and results obtained in simulations (gray squares) of a hairpin
model compared to the theoretical values determined from Eq.(3.25b)
using the Bell-Evans model, and the MFA (dashed line).
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Figure 3.11.: Experimental test of the detailed feedback-FT for CTE
FDCs have been classified according to the value of A at
which the earliest unfolding event is detected. FDCs have
been grouped in bins of equal width AA ~ 6nm and
Eq.(3.24h) applied to each interval. We show work his-
tograms for three different A values. The corresponding
forces at the presented A values are: 15pN (brown), 15.5pN
(green) and 16pN (blue). The value of | (A) for f = 16pN
is highlighted.

In Figure (bottom), we show the efficiencies #; and #,s versus
ri/rg. As shown in Figure dissipation reduction is larger for CTF
as compared to DTFE. Indeed, A(W,) is not bounded by the Landauer
limit kgTlog?2 in the CTF. However, 17y ~ —0.1 is slightly negative as
in DTF, showing that dissipation reduction does not necessarily improve
free energy determination. In Figure we plot the experimental free
energy bias Eq.(3.4) as a function of N experiments at the conditions
shown in Fig. Again, as for DTF, we observe that the bias with

feedback does not decrease relative to the non-feedback case.

3.2.4 Efficient information-to-measurement conversion: feedback strategies

Here, we ask under which conditions feedback does improve free energy

determination by increasing #7)1. As previously shown, the dissipation
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Figure 3.12.: Partial thermodynamic information J(A) for CTE (a)
pL (A1), pY (A, rp) and last-folding density §(A). Solid
lines are fits to the Bell-Evans model. (b) Comparison
between the J(A) derived from the detailed feedback-FT

Eq.(3.24h) (squares) using the data from Fig[3.11] and the
theoretical prediction using the Bell-Evans model (dashed

line) and the MFA approximation with log(c’/c) ~ 0 (solid
line). Ip(A) (orange) and Ij; (A) (purple) are the partial
thermodynamic information of DTF using the Bell-Evans
model and the experimental loading rates.

reduction is larger in CTF than in DTE, however this comes at the price of
a larger kpTY, leading to 7751 = 0. Commonly, in non-feedback pulling
experiments, dissipation reduction is achieved by simply reducing the
loading rate (i.e., making the process less irreversible). However, this
comes at the price of an increase in the average time per pulling cycle
and a decrease of the total number of pulls per day of experiments, ren-

dering free energy determination inefficient.

The interesting problem is to reduce dissipation with feedback while
keeping the average time per pulling cycle equal or lower to the average
time per pulling cycle without feedback. Here, we explore the possibility
of modifying the feedback protocols in such a way that the dissipation

reduction, A(W;), is maximized relative to kgTY.

73



74

INFORMATION FEEDBACK

a) 102 b)

Q10 y.~15 ¢
~ 00f-eeeee e
a0}

Y.

Ny
SohNWR O— N W

af 920 10 0 10
W - AG, (kgT)

20

Figure 3.13.: Thermodynamic information for CTF. (a) Top: Test of the
full feedback-FT Eq.(3.25p) (red circles) with shift Yo, with
respect to the non-feedback case (black squares). Blue cir-
cles show a negative test with an unweighed reverse work
distribution. Bottom: Work distributions. (b) (Top) Thermo-
dynamic information Yo, and (Bottom) efficiencies #; and
nm from the experimental data (circles) and simulations
(squares) versus ry; /rp. We also show the theoretical predic-

tions for Yeo, Eq.(3.25b), using pL (ryy), ptL(rf), ¢ derived
from the Bell-Evans model (continuous lines) and the MFA
Eq.(3.28p) (dashed line). Notice that 71 < 71, as expected.

By definition, in the DTF protocol, the pulling rate is increased only
when the molecule is found to be in U at Ay, while no action is taken if
the molecule is in F. In the single-hopping approximation (Sec. [3.2.2),
dissipation reduction is the product of the fraction of trajectories that are
in U at A4 (pg(rp)), and the dissipated work reduction conditioned to
the U-type trajectories (Eq. (3.17)). At high forces (f > 15pN) pY, (rf)
is large, whereas dissipation reduction is low (Fig. . Conversely, at
intermediate forces (13 — 14pN), pY, (rp) is small whereas dissipation re-
duction is larger. Maximal A(W;) is found close to the coexistence force
where the terms pY (rr) and [(Wy)u—r—u(ru) — (Wa)u—r—u(re)] bal-
ance each other. To further reduce dissipation one might consider ap-

plying a feedback action also to the large set of F-type trajectories at A.
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Figure 3.14.: Experimental bias for CTFE. Bias for the studied molecules
with CTF (squares, circle) compared with the non-feedback
case (triangles). As for DTF, there is no improvement in free
energy prediction.

For example, one might reduce the pulling rate after A; for the F-type
of trajectories to reduce the dissipated works for those trajectories.

To show that #, can be optimized, we have implemented a feedback
strategy by combining DTF and CTF protocols. In the DTF+CTF strat-
egy, the molecule is initially pulled at rr with DTF until A;, where a
observation is made. If the outcome is U, the pulling rate is switched to
ru > rr between A and Ayy. Instead, if the outcome is F, the pulling
rate is reduced to r; < rp and the CTF protocol turned on. In this
case, at the first unfolding event after A;, the pulling rate is switched
to ry > rp > rp until Aygy. In the DTF+CTF protocol both U- and
F-trajectories contribute to reduce the dissipated work. Moreover, the
value of 1} is chosen such that the average time per pulling trajectory
is lower compared to the non-feedback case. In Figure [3.16p,b we show
the results obtained from numerical simulations of hairpin L4 applying
the DTF+CTF strategy with rp =4 > 1. = 1pN/s and ryy = 17pN/s.

In the coexistence force region (f; ~ 14.5pN) dissipated work is re-
duced by roughly 50% while Y remains unchanged with respect to the
standard CTF protocol, leading to higher efficiencies #; ~ 0.6, 7)1 ~ 0.4
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Figure 3.15.: Dissipation reduction. Dissipation reduction versus force
from the exact single-hopping approximation solution
Eq.(3.17) (dark blue line) and the 1/r approximation
Eq.(3.19) (dashed red line).

(Fig[3.16p). Moreover, we find that By decreases by ~ 1kgT for the stud-
ied parameters (Fig. [3.17h). In addition, we compared the bias as a
function of the total experimental time for the four studied protocols
(non-feedback, DTF, CTFE, and DTF+CTF) using the same pulling rates.
In Figure , we show the time dependence of the bias, while in inset,
we present the time dependence of the number N simulated trajectories.
Notice that although CTF generates the largest number of trajectories,
the DTF+CTF strategy is the most efficient one. Therefore, in DTF+CTF,
dissipation has been reduced efficiently improving the free energy deter-

mination.

3.2.5 Efficiency plot

To present all results in perspective, we introduce the efficiency plot
(Figure [3.18). In this plot, we show the dissipation reduction A(W;) =
(Wg)o — (Wy) versus kpTY, both normalized by the non-feedback dis-
sipation value (W;)o. We show the results for hairpin L4 obtained
from experiments and simulations (yellow and green symbols), using
DTF and CTF (squares and circles) and DTF+CTF strategy (red trian-
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Figure 3.16.: DTF + CTF strategy. (a) Force versus time for the DTF
+ CTF strategy. The pulls start with DTF at rr = 4pN/s
and the measurement position is at A;. If the molecule is
observed to be in U at Ay, the loading rate is changed to
ru = 17pN/s (orange trajectories). If the molecule is ob-
served to be in F at A; the CTF is turned on with a loading
rate r. = 1pN/s < rp (purple trajectories). At the first un-
folding event, the loading rate is changed from % to ry;. (b)
Efficiencies #; and 775 for DTF+CTE. The values of Y for
this protocol were directly determined from the Jarzynski
equality on Eq. for By because we do not have an ana-
lytical expression for the thermodynamic information (see

Fig. [5.17).

gles). The black-dashed line A(W;) = kpTY separates two regions:
nm > 0 (second law’s weakening, yellow region) and 7)1 < 0 (second
law’s strengthening, white region). Remarkably, despite of dissipation
reduction A(W;) > 0, all results for DTF and CTF fall on the region
nm =2 0 (squares and circles, dashed line) indicating that the second law

is strengthened with feedback.

To evaluate the improvement in free energy determination, we express
A(Wy)/(Wy)o and kgTY/{W4)o as sole functions of (17, 11pm):

AWg) — qm—1

Wao g1
ksTY _ nm — 1

Wado =17 (5-29)

(3-292)
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Figure 3.17.: Jarzynski bias for the DTF + CTF strategy. (a) Bias for
the DTF+CTF strategy at four different A1 (or f(A) force is
shown in the legend) compared with the bias for the case
without Feedback. (b) Bias versus the total experimental
times measured from numerical with no feedback (purple),
DTF (red), CTF (green), and DTF+CTF (yellow) protocols
using rp = 4pN/s, ry = 17pN/s, and rp = 1pN/s. In-
set: Simulated number of trajectories (N) for a given total

experimental time.

which for np; = 0 gives A(W;) = kpgTY (black dashed line in Fig.
Efficiencies 71, 1)1 separately define two independent linear relations

between A(Wd>/<Wd>0 and kBTY/<Wd>O,

A(Wg) gTY
(Wa)o K (Wa)o
A(W,) ks TY

(3-30a)

(3-30b)

These relations are shown as dotted (Eq.(3-30a)) and dashed (Eq.(3.30b))
lines in Fig with slopes equal to 7; and 1, and intersections with the

y-axis equal to %y, 1, respectively. For a given point in the efficiency

plot, we can read the values of 7, 7)1 by drawing lines of slopes #; and

1 to match the values 7y, 17,/ in the y-axis. As we can see, the DTF+CTF

strategy yields the largest efficiencies for the largest kgTY /(W) val-

ues measured in CTF (circled region). The efficiency plot shows there
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Figure 3.18.: Efficiency plot. Dissipation reduction, A(W;), versus ther-
modynamic information, kgTY, normalized by the non-
feedback dissipation value, (W;)o, in all explored cases for
hairpin L4: CTF (empty circles, experimental data; full cir-
cles, simulated data), DTF (empty squares, experimental
data; full square, simulated data) and the DTF+CTF strat-
egy (red triangles). Dotted line (Eq.(3:30a)) and dashed line
(Eq. (3-30B)) have slopes 1; and I and intersect the y-axis
at 11,7y, respectively. The thick dotted and dashed lines
correspond to the case where 77; = 0 and 7,1 = 0.

is room for improved free energy prediction, opening the question of

finding strategies that maximize 7.

In addition, in the efficiency plot in Fig[3.18 we have added three hy-
pothetical cases to show how to interpret this diagram. The first two ex-
amples are represented by two black asterisks corresponding to 17y = 0.7
in the feedback region where 75; > 0 (yellow region). Notice that for a
given value of #, many 7, are compatible. The dotted line that passes
through the two points intersect the Y-axis at A(W,;)/(W;)o = 1 = 0.7,

whereas the dashed lines have slopes equal to 1 and intersect the Y-axis
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at A(W,;)/(Wa)o = 17h; = 0.6 and A(W,;) /(W,)o = 17y = 0.5. These two
points correspond to A(W;)/(Wy)o = 0.93, 1.13 and kgTY/ (W) =
1/3, 2/3. At this #; condition, an increase of ~ 16% in 7 requires dou-
bling Y and a reduction of 25% in (W;). The last example is represented
by the purple asterisk in the #;; < 0 white region in Fig. falling
in the purple doted line, #; = 0.2, and purple dashed line, 1751 = —0.2.
This point indicates an experimental condition where the information-
to-energy conversion is low efficiently (17; 2 0) and a remarkable ineffi-

ciency at the level of information-to-measurement conversion (17,1 < 0).

3.3 CONCLUSIONS

We have introduced cycle efficiencies 7, s for information-to-work
(dissipation reduction, A(W;) > 0) and information-to-measurement
(second-law inequality weakening, (W;) +kgTY < (W;)o) in irreversible
pulling experiments with discrete-time (DTF) and continuous-time feed-
back (CTF). These are particular cases of the first-time feedback (15¢TF)
protocol where the pulling rate rr switches to ry; the first time the
molecule unfolds along a predetermined sequence of M trap positions.
A detailed and full feedback-FT has been derived for such a protocol
that is expressed in terms of the free energy difference, AGpy;, between
the unfolded and folded states (Eqs.(3.7} [3.10)), and in terms of two
new quantities, namely the partial information J; and the full thermo-
dynamic information Y. For M = 2, 1StTF maps onto DTE, Eqs.,
[3.12b), which applied to two-state molecules reduces dissipation by at
most kgTY, = kpTlog?2 (Landauer limit). In the opposite case, M — oo,
we obtain a novel work-FT for CTF Eqs., ) for the partial (J(A))
and full thermodynamic information (Ye), which is amenable to experi-
mental test. Note that Y is finite and unbounded, a consequence of the

fact that the information-content of the stored sequences diverges.

We have carried out experiments for DTF and CTF on hairpin L4 for
pulling rates in the same range rr ~ 4 —5pN/s, ri; ~ 17 — 23pN/s. The

experiments have been complemented with numerical simulations of
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a phenomenological model, and theoretical estimates of the Bell-Evans
two-state model in the mean-field and single-hopping approximations.
We find that CTF leads to higher Y and #; compared to DTF. Indeed,
CTF profits on early and rare unfolding events during the pulling pro-
tocol, making Y and #r larger. In contrast, both DTF and CTF are ineffi-
cient regarding 17pr: (W) decreases by roughly kgTY leaving the second
law inequality unweakened and the Jarzynski bias almost unchanged
with feedback. In fact, by strategically combining DTF and CTF we can
make information-to-measurement conversion efficient. The DTF+CTF
strategy maximizes dissipated work reduction without increasing kgTY

leading to high 7y, 17 values.

The explored feedback protocols are summarized in the efficiency plot,
which demonstrates that efficient information-to-measurement conver-
sion is obtained by maximizing the dissipation reduction, A(Wy) /(W;)o,
while minimizing the information, kgTY/(W;)o. Our results show that
feedback strategies (defined as a set of multiple-correlated feedback pro-
tocols) enhance the information-to-measurement efficiency, opening the

door to find optimal strategies for improved free energy determination.
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Part III

PROTEIN FOLDING






THERMODYNAMIC PROPERTIES OF BARNASE

MOTIVATION

How proteins fold into their native functional structure from a random
coiled polypeptide chain configuration stands as one of the major open
questions in science. This enigma is a fundamental problem in bio-
physics, and its answer could be crucial for protein design. In this
chapter, we play our part in this problem by studying the paradigmatic
protein Barnase (described in Chap. [2|in Sec. using pulling exper-

iments at different temperatures.

4.1 INTRODUCTION AND HISTORICAL CONTEXT

The first famous observation related to protein folding was in 1961 when
Anfinsen introduced the thermodynamic hypothesis claiming that pro-
teins spontaneously fold to a free energy minimum under appropriate
conditions [52/53]. Later, in 1969, Levinthal noticed that a polypeptide
chain could not fold into the native state by random search in config-
urational space [54]. Protein folding is akin to finding a needle in a
haystack and must be driven by molecular forces [55]. In an effort
to solve the paradox, Ptitsyn proposed the molten globule hypothesis
(MGH) where folding is similar to solid formation from a gas: a molten
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globule state must precede protein folding, similarly to the metastable
liquid phase preceding solid formation during gas deposition [56]. The
molten globule is a necessary intermediate to form the native state (here-
after denoted as N) that is structurally similar to it, but with most bonds
not yet formed. For years scientists have searched for folding intermedi-
ates, the most natural solution to Levinthal’s paradox. While these have
been identified in large proteins, many small globular proteins fold in
a two-states manner, raising the question whether such molten globule
intermediate does exist. Methods such as the phi-value analysis have
shown that the transition state (hereafter referred to as TS) of two-state
globular proteins is structurally similar to the native state [20}57,/58].
The TS of two-state folders is a disguised molten globule of very short
lifetime whose thermodynamic properties reflect those of the molten

globule intermediate.

A new direction of thought emerged in the late 80’s, Wolynes and col-
laborators proposed the energy landscape hypothesis (ELH): proteins
fold in a funnel-like energy landscape (the native state being the deepest
minimum in the energy landscape) by following different and produc-
tive folding trajectories [59,/60]. Albeit not excluded, intermediates are
not obligatory folding steps. In both scenarios, MGH and ELH, the ther-
modynamics of the TS has generic and unique properties: on the one
hand, a large energy barrier separates TS and N; on the other hand,
there is a large configurational entropy loss upon forming the TS from

the random coil or unfolded state (hereafter denoted as U).

To evaluate the different hypotheses computer simulations and exper-
iments are employed [61}/62]. For the latter, it is crucial to have tools for
accurately measuring the thermodynamics and kinetics of folding. Be-
sides bulk techniques (e.g., NMR, mass spectrometry, calorimetry, etc.)
single molecule fluorescence and force spectroscopy offer complemen-
tary insights on the protein folding problem. With these, individual pro-
teins are manipulated and monitored with enough temporal resolution
to observe short-lived intermediates [63+65], and to measure transition

path times along kinetic barriers [66]. Key results are the demonstration
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that the ribosome promotes the efficient folding of the nascent polypep-
tide chain [67], and the role of protein mechanical properties on nuclear
translocation [68]]. Single-molecule evidence of protein folding interme-
diates has been reported for RNAseH [69)70], the coiled-coil leucine zip-
per [7172] and calmodulin [73]. Recently, the molten globule of apomyo-
globin has been shown to be highly deformable under force [74] and an
off-pathway molten globule has been observed in apoflavodoxin [75]. In
other cases proteins fold in a two-states manner without detectable in-
termediates (e.g., PrP protein [72]]) and a molten globule of very short

lifetime transiently forms along the folding pathway [76,77].

Over the past decades, there has been much effort in determining
the thermodynamic properties of transition states in two-state globular
proteins. How much the enthalpy and entropy of the TS do differ from
the native state? What is the heat capacity change (ACp,) between the
TS and the N and U conformations? How the TS properties change by
varying the external conditions (e.g., temperature, ionic strength, and
pH)? Answering these questions is essential to understand the features
of the different hypotheses (e.g., the liguid-like properties of the molten
globule in the MGH or the funnel’s shape the ELH) and the nature of
the folding process itself.

Calorimetry techniques have been used to address such questions.
Upon heating, proteins melt at a characteristic temperature Tj, at which
the heat capacity at constant pressure, Cp,, shows a peak [78)/79]. The
heat capacity change, AC,, between the native and unfolded states is
directly related to the change in the number of degrees of freedom, An,
across the transition, AC, = An - kg/2, with kp being the Boltzmann

constant. Therefore, AC, quantifies the configurational entropy loss.

As mentioned in Chap |1} optical tweezers are suitable for calorimetric
measurements, however most studies have been carried out at ambient
temperature 25°C due to the difficulty of controlling temperature [80,81].
For many years this limitation has challenged direct enthalpy and en-
tropy measurements over a wide range of temperatures, rendering AC,,

inaccessible to single molecule assays. Here, we investigate the fold-
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ing thermodynamics and kinetics of protein barnase using recently built
temperature-jump optical trap (see Chap. |2} Sec[2.2) suitable for single-
molecule force spectroscopy above and below 25°C. The high solubility
and stability of barnase makes it an excellent model to investigate the
folding kinetics of globular proteins. In addition, from bulk experiments
it has been proved that Barnase reversibly folds in a two-state manner
between U and N.

Here, we pull barnase in the range 7°C - 37°C and derive the folding
free energy (AG), entropy (AS), and enthalpy (AH) by combining fluctu-
ation theorems and kinetics. From the temperature dependence of AS
and AH, we derive AC,. Finally, we also determine the entropy, enthalpy
and ACy, of the TS relative to the native and unfolded states.

4.2 RESULTS

Figure shows five unfolding and folding selected force-distance
curves (FDCs) for the six investigated temperatures, i.e., 7, 14, 18, 25, 32,
and 37°C. It is apparent that the lower the temperature, the higher the
unfolding force and the FDC hysteresis. In Figure[4.1p we show a single
pulling cycle at 25°C. During stretching (red curve), barnase unfolding
is observed as a sudden force rip (Af ~ 2pN) in the FDC at forces
~ 25 — 30pN. Upon force release (blue curve), a folding transition is de-
tected as a small force jump (~ 0.5pN) at forces < 5pN. The left encircled
zoomed inset shows the two force branches: where barnase is folded in
its native state (N-branch, black dashed line) and unfolded (U-branch,
grey solid line). The relative trap position (A) in the two branches con-
tains the trap bead displacement plus the handles extension and barnase
molecular extension. The difference between both branches at a given
force, AA (right circled zoomed inset), is the difference of molecular ex-
tensions between the polypeptide chain and the projection on the force
axis of the dipole formed by the N- and C- termini of barnase.
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Figure 4.1.: Temperature-dependent force-distance curves of barnase.
(a) Unfolding (dark) and folding (light) force-distance curves
(FDCs) at different temperatures, 7°C (purple), 14°C (blue),
18°C (green), 25°C (yellow), 32°C (red) and 37°C (brown).
FDCs at each temperature have been shifted along the x-axis
for clarity. (b) Unfolding (red) and refolding (blue) trajecto-
ries at 25°C. Left Zoom: Refolding event (arrow) from the
U-branch (gray solid) to the N-branch (black dashed). Right
Zoom: Unfolding event (arrow) highlighting AA.

To determine the folding entropy and enthalpy of barnase, we pro-
ceeded in two different ways. First, we derived the temperature-dependent
folding free energy at zero force, AGy(T), using the fluctuation theorem
(see section [4.2.2). Second, we derive AGy(T) from the measured ki-
netic rates using the Bell-Evans model (see section . After we use
a Clausius-Clapeyron like equation to derive AS (mathematical details
in App. [E). To use this approach it is necessary to determine the elastic
response of protein barnase (see section [4.2.1).
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4.2.1  Elastic response of the polypeptide chain

The temperature-dependent elastic properties of the polypeptide chain

were determined using the molecular extension xp(f, T) derived from

AA(f, T) (Fig. [g.1p),
Xp =AA+xq . (4.1)

where xp,(f, T) is the dipole extension for the folded barnase.
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Figure 4.2.: Force versus difference in trap position. Force versus differ-
ence in trap position (AA) at three temperatures: 7°C (pur-
ple), 25°C (yellow) and 37°C (brown). Inset: Elastic response
of the folded protein modelled as a dipole of 3nm with the
FJC model.

Figure shows the force versus AA response measured at three se-
lected temperatures (7, 25 and 37°C). To extract xp(f, T) from Eq.(4.1)
we model x4(f, T) with the Freely-Jointed Chain elastic model (Fig.
inset), assuming that the distance between the N- and C-termini for the
folded barnase (the dipole length taken equal to 3um) is constant with
temperature. By comparing Figure (inset and main) we observe that
xq(f, T) < AA(f, T), as expected since the dipole length is much shorter
than the polypeptide extension. Therefore, x, (f, T) increases with T at a
given f, making the polypeptide chain stiffer with temperature. x(f, T)
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is well described by the inextensible Worm-Like Chain (WLC) model

and its interpolation formula [82],

-2
kgT ( xp(T) ) xp(T)
= — 1—-— +4. ———— —1 2
f 4LP ( Naa - daa Naa - daa (4 )
where L, is the persistence length, Nj, is the number of residues (110

for barnase), and d,, is the distance between consecutive amino acids.

The data relative to each investigated temperature were fit to Eq.(4.2)
with L, and dy, as free parameters. The fits to the inextensible WLC
model at each temperature are shown in Fig.
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Figure 4.3.: Elastic response of unfolded barnase. Fits of the measured
force versus polypeptide chain extension (x,) to the WLC
model (solid lines).

Figureshows the best fitting parameters at each temperature. While
Ly shows a strong T dependence, which is well approximated by a lin-
ear function of slope 0.011 4+ 0.001 nm/K (Fig. ), daq presents a weak
T-linear dependence of slope 0.008 4 0.002 A /K (Fig. ), which is one
order of magnitude smaller than for L,. Therefore, ds; can be taken as

constant, ~ 3.7 A or 0.37 nm.
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Figure 4.4.: Elastic parameters of the polypeptide chain. (a) Persistence
length (Lp) and (b) amino acid distance (dg4) of the polypep-
tide chain calculated from the fits in panel shown in Fig.
Solid lines are linear fits to the experimental points.

4.2.2  Thermodynamic potentials from work measurements

To derive folding free energy at zero force, AGy, we use the thermo-
dynamic relation that relates AGy with the elastic contributions of the
polypeptide chain AGp, the dipole AGq, and the folding energy at force
f, AG(f) (mathematical details in App. [E),

AGy = AG4(0 — f) + AG(f) — AGp(0 — f) (4-3)

The results of the previous section can be used to determine AGp and
AGyq, however it remains unanswered how to measure AG(f) in such ex-
periments. In optical tweezers experiments, the relative trap position A
is the control parameter, rather than the force which fluctuates depend-
ing on the molecular state. A thermodynamic relation similar to Eq.(4.3)
holds by a Legendre transforming f — A to the A-ensemble (Appendix
E[). AGq is determined by measuring the free energy difference, AG,,
between a minimum and a maximum trap positions where barnase is

folded (Amin) and unfolded (Amax),

AGy = AG) — W5 (4-4)
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where Wf{las stands for the elastic contributions of the setup (bead, han-

dles, polypeptide chain and protein dipole) that must be subtracted to
AG) (Appendix|[F).
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Figure 4.5.: Work measurements. (a) The unfolding (red) and folding
(blue) work W are defined as the area below the FDCs lim-
ited by Ay, and Ayey (red and blue areas). (b) Top: Un-
folding (red full squares) and folding (blue empty squares)
work distributions at 25°C. Bottom: Py (W) and Pr(—W) X
exp (W — AG, /kgT). The black dashed line is a Gaussian fit
to determine AG,.

We used the work fluctuation theorem (work-FT) [83] to determine
AG, from irreversible work (W) measurements by integrating the FDC
between the minimum and maximum trap positions, W = [ /(\Y " fdA
(Fig. ). Let Py (W) and Pr(W) denote the unfolding and folding
work distributions measured over many pulling cycles. The work-FT is

given by,

Py(W) (W—AG,\) 4.5)

Pr(—W) kgT

where AG) equals the reversible work. Note the minus work sign in
Pp(—W) in the left-hand-side of Eql4.5, which is a consequence of the
fact that W < 0 in the folding process.

A corollary of Eqlg.5]is the Jarzynski equality,

W
AG) = —kpT log(exp <_k37T) ) (4.6)
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where ((...)) is the average over many (infinite) realizations. In practice,
as shown in Chap. [3} the number of pulls is always finite and the Jarzyn-
ski equality is strongly biased. From Eqls.5| work distributions cross at
W = AG,. However, the crossing point is not observed due to the high
hysteresis of the FDCs, quantified by the dissipated work. The dissi-
pated work is in the range 50 — 150kpT, which is many times the value
of AGy (see below). This makes the measurements of AG, unreliable

because the tails of Py and Pr do not cross.
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Figure 4.6.: Work distributions at the six explored temperatures. Un-
folding (solid line) and folding (dashed lines) work distribu-
tions at different temperatures (with the elastic contribution
W/‘{las being subtracted from the total work). The dotted ver-
tical line indicates AGy for each temperature.

In these limit conditions, one can still use the matching method [10],
that provides reasonable free energy estimates and is comparably sim-
pler than other mathematical approaches. In this method, the value of
AG, is determined by matching the functions P;;(W) and Pr(—W) x
exp (W — AG, /kgT). In practice, the leftmost and rightmost tails of
Py(W) and Pp(—W), respectively, are fitted to a generic form, such
as exp (f\W — Winax|®/ Q), to characterize its shape [84]. Figure
(top) shows Py (W), Pp(—W) at 25°C and the fitted tails. Rightmost
(Pr) and leftmost (Py) tails are well fitted with § ~ 1.9, indicating
Gaussian-like tails (6§ = 2). Therefore, we simultaneously fitted Py (W)
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and Pp(—W) x exp (W — AG, /kgT) to a single Gaussian distribution
(black dashed line in Fig. bottom) to find the value of AG, that best
matches both distributions.

To determine AG from AG, in Eq. @ we determined the elastic con-
tributions (Wﬁlas in Eq. @) as follows: the bead term was calculated for
a linear optical trap of stiffness ~ 0.07pN/nm; the DNA handles term
was calculated by integrating the WLC model with the temperature-
dependent elastic parameters presented in Chap. @ the AGp and AGq
contributions were calculated using the elastic parameters presented in
section [4.2.1] In Figure[4.6] we show the Py (W) and Pr(—W) at different
temperatures. Distributions are plotted versus W — Wﬁlas instead of W,
to directly determine AGy with the matching method (Fig. dotted
vertical lines). The values of AGy(T) present a clear temperature depen-
dence (Fig. @) as expected from the relation, AGy = AHy — TAS,.
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Figure 4.7.: Folding free energy and coexistence force. (a) Experimental
values of AGy derived from Fig. together with a fit to
AGy(T) = AHy — TAS; (dashed line). (b) Coexistence force
as a function of temperature. Dashed line corresponds to a
linear fit to f(T).
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Entropy and Enthalpy derivation

To derive the temperature-dependent entropy difference between N and
U from the measured values of AGy(T), we use the following equation
(mathematical derivation shown in App. [E),

T) dAA(f!, T

(
aso(m) = -0 gy [T D )

However, we do not have a direct measurement of f. from pulling exper-
iments. Instead, f.(T) is derived using the values of AGy and Eq. (4.3)
evaluated at f at each temperature. Figure[g.7b shows the obtained val-
ues of fc(T). Notice that f;(T) decreases with T and it is well fitted by a
linear trend, thus defining a f — T phase diagram separating the native

and unfolded states.

Finally, as mentioned before, we derived ASy(T) using Eq. (4.7) and
fe(T) (Fig. [4.8p). It changes by roughly 22% in the whole temperature
range indicating a finite AC,. Notice that the numerical T-derivative of
AGy(T) is roughly constant (Fig. ), which indicates that using Eq.
(3.7) is the most reliable way to estimate ASy(T). Folding enthalpies,
AHy = AGgy + TASy, are shown in Fig. .
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Figure 4.8.: Entropy and Enthalpy. (a) Entropy and (b) Enthalpy differ-
ence between N and U. Dashed lines are fits to Eq.(4.8)a and

Eq.(4.8)b, respectively
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Heat capacity change

Bulk assays have shown that barnase has a finite ACy. The marked
temperature dependence in ASy and AHj (Fig. allows us to extract
ACy across the melting transition. To do so, we expand AHj and AS

around the melting temperature T,

ASo(T) = ASY + AC, - log (%) (4.8)
m
AHy(T) = AH' + ACp - (T — Tw) , (4.8b)

where AS{' and AH' = T,,AS[}' are the entropy and enthalpy at Ty, and
AC, is the heat capacity change between N and U. ASy(T) and AHy(T)
were fitted to Eqs. (4.8p) and (4.8p) (dashed lines in Fig. with ACp,
AH{', AS{, and Ty, as fitting parameters. The values that best match the
experimental values are: AC, = 1030 + 43 cal/mol-K (average value),
ASB" =431 £+ 10 cal/mol-K and AH6" = 140 =+ 6 kcal/mol.

4.2.3 Thermodynamic potentials from kinetic measurements

Second, we derive AGy(T), ASo(T), and AHy(T) from the unfolding and
folding kinetic rates measured from the pulling experiments at different
temperatures. Figure shows the unfolding and folding force distri-
butions (0 (f), p«(f)) at three selected temperatures (7, 25 and 37°C).
We extract the unfolding and folding kinetic rates, k—(f) and k. (f),
from the corresponding survival probabilities (Fig. ). For pulling
experiments where f is ramped at constant loading rate r = |df /dt|, the
following relations hold,

Puf) _ ) 5y o )= fl)

df r =~ hy

dPu(f) _ ke(f) _ P
Zlf =— Pu(f)ﬁke(f)—rpu(f)

(4.92)

(4.9b)
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with Py(f) = 1= il o, (f)df and Py(f) = 1= [[° pe (f)df being the

survival probabilities of N and U, respectively.
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Figure 4.9.: Temperature-dependent kinetic rates. (a) Unfolding and
folding force distributions at 7, 25, and 37°C. (b) Top: Sur-
vival probability of N along unfolding trajectories. Bottom:
Survival probability of U along folding trajectories. (c) Un-
folding (empty symbols) and folding (solid symbols) kinetic
rates for all temperatures. The solid (refolding) and dashed
(unfolding) lines are fits to the Bell-Evans model.

The measured k_,(f) and k. (f) are shown in Figure in a log-
normal scale, for all the studied temperatures. Kinetic rates are well
described by the Bell-Evans model [85}86],

+ +
_10 fx'N 0 _AG
) =Roew (F7) 0~k (<5p)  Gaon

_10 fexXN 0 _AG*
belf) =K exp (F5) s B —kexp (<57 ) - (o
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Parameters are: k%, (k0_) the unfolding (folding) rate at zero force; k,
the attempt rate; AG' (AG*) the height of the kinetic barrier relative to
N (U) extrapolated to zero force; and xt (x*) the distance of the TS with
respect to N (U).

The measured kinetic rates shown in Fig. are fitted to the left
hand side of Egs. ) and ) to extract xt, x*, k(L, and k%. From

these data we determined f; as the force value at which k_, = k. (Fig.
). We use the detailed balance condition, AGy = —kpT log(k%_ /k%,),
to determine AGy from the kinetic rates extrapolated at zero force, k¥ ,

K2, (Fig. [g.10b).
a) b)
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e Unfolded e 30 Y ]
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Figure 4.10.: Temperature-dependent folding free energy. (a) Coexis-
tence force determined as the crossing point where k_, =
k. (b) Folding free energy as a function of temperature
derived from the detailed balance condition.

The temperature dependence of the TS position, xT and x*, is investi-

gated in Chap. [5]in more detail.

Finally, as in the previous section, we have used the obtained values
of fc(T), AGy(T), and AA(f, T) to derive the entropy across unfolding
using Eq. (4.7). The obtained ASy(T) and AHy(T) derived from the
kinetic rates are presented in Fig. These values agree with those
obtained from the FT. Fitting ASy(T) and AHy(T) to Eqs. (4.8p) and
) gives: AC, = 990 4 56 cal/mol-K (average value), AS[! = 529 12
cal/mol-K, and AH}' = 172 £ 8 kcal /mol.
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Figure 4.11.: Temperature-dependent entropy and enthalpy. (a) En-
tropy and (b) Enthalpy difference between N and U.
Dashed lines are fits to Eq.(3.8)a and Eq.(4.8)b, respectively

4.2.4 Transition state’s entropy and enthalpy

We determine the enthalpy and entropy of the TS relative to N (AST,
AH'), and U (AS*, AH*), to characterize the molecular free energy land-
scape governing the folding of barnase. Here, we follow the criteria
At = ATS — AN and A* = ATS — AU, To this aim, we rewrite k_, k%, in
Egs. (4.10h) and (4.10p) in terms of the TS entropies and enthalpies,

K, (T) = ko exp (Ak—s;) exp (fiB—H;) (4.112)
K (T) = ks exp (Ak—i':) exp (—iB—H;) (4.11b)

We performed a simultaneous fit of kX, and k?_ to Eqs. ) and )
to derive the values of AST, AS*, AH', AH*. Interestingly, we found that

kY, is strongly T-dependent, while k0 depends weakly, hinting at an
entropy-driven folding process (Fig. [4.12).

The four-parameters fit was done by imposing two constraints: AS* =

AST — ASp; and AH* = AH' — AHy. For the fits to Eq. ) and )
the values of ASy(T) and AHy(T) have been taken as the mean values
obtained from the FT (Fig. and kinetics (Fig. [4.11). Moreover, we
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Figure 4.12.: Kinetic rates at zero. (a) Unfolding (b) and refolding ki-
netic rates at zero force versus 1/T. Dashed lines are simul-

taneous fits to Egs. .) and (4.11] -) While k9, varies

over ten order of magnitude, k0 varies over one order of
magnitude.

used the attempt rate previously obtained on the same molecular system
in similar experimental conditions [87], k; ~ 150s~1. Fits are shown as
dashed lines in Fig. TS entropies and enthalpies are shown in
Figure Fitting them to Eqs. (4.8h) and (4.8p) permits us to extract
the heat capacity change between N and TS (ACN*TS = CTS CN)
and between TS and U (ACTs u_ Cu CTS) Notice that the criteria
for the sign of AC;S U is the opposite of AH* and AS*. We obtain
ACY~TS ~ 100 cal/mol K and AC}>~H ~ 900 cal/mol K, which gives
the folding AC, ~ 1000 cal/mol-K.

4.2.5 The folding funnel

Tables and [4.3] summarize the main results: the energy differ-
ences between states N and U (AGy, AHy, and ASy in Tab. ; the
barrier energies to unfold, N-TS (AG*, AHT, and AS? in Tab. D ; and
the barrier energies to fold, U-TS (AG*, AH*, and AS* in Tab. .

The measured free energy landscape of barnase is illustrated in Fig.

Results show that barrier entropies, enthalpies and free energies
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Figure 4.13.: Thermodynamics’s of TS. Entropy (full symbols) and en-
thalpy (empty symbols) differences between N and TS (T,
black); and between U and T'S (*, gray). We follow the sign
criteria At =75 —N and A* =75 U,

T AGy AHy ASg

7 21 +2 | 112 £ 10 | 326 & 34
14 || 19 £2 | 121 £ 11 | 355 £ 37
18 || 16 £2 | 128 £ 13 | 383 £ 40
25 || 11 £2 | 131 & 11 | 401 & 35
32 || 10£2 | 139 £ 11 | 421 £ 12
37 8+f2 | 142+t 10 | 432 £ 31
50 0 156 £ 8 | 479 £ 10

Table 4.1.: Folding thermodynamic properties of barnase: T in °C; AG
and AH in kcal/mol; AS in cal/mol-K.

to fold (U — TS) are one order of magnitude smaller than the corre-
sponding barriers to unfold (N — TS): |AS*| < |AS|, |AH*| < |AHT|
and |[AG*| < |AG!|. This difference suggests a folding process in two
steps. In a first step, the unfolded protein reaches a TS with a few bonds
(~ 20%) formed relative to the fully denatured state. In a second step,
the protein collapses into N by forming the rest of native bonds (~ 80%).
These bond percentages are estimated from the different enthalpy values
for the TS relative to N and U (AH' ~ 120 kcal/mol and AH* ~ —30
kcal/mol at Ty,).
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T || AG AHT AS?

7 22+3 | 1183 | 351 £8
14 || 19+£3 | 119+ 3 | 349 £ 12
18 || 172 | 120+ 2| 354£7
25 || 13£3 | 1202 | 359 £ 7
32 || 11£2 | 121£2 | 358 &5
37 || lo£3 | 122+3 | 360£6
50 4+2 | 123£2 | 364+3

Table 4.2.: Thermodynamic properties of barnase between N and TS: T
in °C; AG and AH in kcal/mol; AS in cal/mol-K. We follow
the sign criteria AT =T5 —N.

T AG* AH* AS*

7 1+3 6+6 25+ 9
14 || oEx3 | 2+£4 -6 £ 11
18||1£3]| -8£6 -29+9
25 || 2+3 | -11+£6 42 %9
32 || 13 | -18£6 -63 £ 8
37 || 23 | 20£6 -72+9
50 || 4£2 | -33E£5 | -115 £ 13

Table 4.3.: Thermodynamic properties of barnase between TS and U: T
in °C; AG and AH in kcal/mol AS in cal/mol-K. We follow
the sign criteria A* =75 —

A remarkable difference is found in AC, between TS and N or U (Fig.
‘ The main contribution to the total AC, = 1010 & 47 cal/mol-K
comes from the formation of the T'S coming from U (AC;S*U =900=£80
cal/mol-K), which is ~ 9 times larger than between N and TS (ACPNJFS =
105 £ 26 cal/mol-K). The value of AC, is directly proportional to the
change in the number of degrees of freedom (An), AC, = An-kg/2
which gives An ~ 1 per cal/mol-K unit in ACy. This gives AnTS—U ~
900 > AnN=TS ~ 100 showing that the main configurational entropy
loss occurs upon forming the TS from U. This result depicts the TS
as a molten globule of high free energy (AGT ~ AG) and low configu-
rational entropy (AC;}I TS« ACp), which is structurally similar to the

native state: the major change in AC, and An occurs between U and TS.
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Figure 4.14.: Molecular energy landscape. Energy (left), enthalpy (cen-
ter), and entropy (right).

4.3 CONCLUSIONS

We have used calorimetric optical tweezers to measure the FDCs of pro-
tein barnase in the range 7-37°C and derived the folding thermodynam-
ics at the single molecule level. An analysis based on the Clausius-
Clapeyron equation (Eq. (4.7)) was used to extract the temperature- de-
pendent values of ASy(T) and AHy(T) and AC,. The obtained results
agree with those obtained from bulk experiments in our conditions of
ionic strength (20 mM monovalent salt) and neutral pH (7.0). The mean
values for the enthalpy, entropy and T}, derived from the work-FT and
kinetic analysis (AHj' = 156 &= 8 kcal/mol, AS§' = 479 & 10 cal/mol-K
and T, = 50 & 2°C) agree with those reported in the literature and col-
lected in [88], AH,;, ~ 115 — 145 kcal/mol and AS,, ~ 400 cal/mol-K.
Our estimation of AC, = 1010 & 47 cal/mol-K also agrees with values
obtained from differential scanning and isothermal titration calorimetry
assays, as well as with recent atomistic numerical simulations [89]]. Mea-
surements of ACp in calorimetric experiments often require determining
the temperature dependence of AH with pH, ionic strength, or the de-

naturant concentration. In contrast, with calorimetric force spectroscopy



4.3 CONCLUSIONS

we directly measure thermodynamic potentials and kinetics at a given

temperature.

Remarkably, our results feature a TS with the properties of a molten-
globule: entropies and enthalpies between TS and U (AS*, AH*, AG")
are ~ 9 times lower than the corresponding ones between TS and N,
(AST, AHT, AGY). In fact, the low value of AG* correlates with the high
compliance of the molten globule upon stretching, as has been shown for
apomyoglobin [74]. A general feature of free energies (0,1, *) in Tables
and [4.3] is the compensation observed between entropy (TAS)
and enthalpy (AH) contributions, i.e., AG = AH — TAS < |AH]|, |TAS|.
In contrast, the major contribution to AC, occurs between U and TS
(AC;S_U > AC;\’_TS). The value of AC;S_u is proportional to the re-
duction (AnTS~U ~ 900) in the number of degrees of freedom (dof)
between TS and U, at a rate of ~ 1 dof/(cal/mol-K).

Transition state

Unfolded (TS)
(L) \

Entropic
funnel

Bonds
formation

Figure 4.15.: Golf-hole course folding free energy landscape.

Our results agree also with the folding funnel scenario of the energy
landscape hypothesis (ELH) (Fig. |4.14), where a large entropy loss
(~ 90%) occurs upon forming the TS from U. Such entropy loss is

accompanied by a low enthalpy change (~ 20% of the total folding en-
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thalpy). These results suggest that in the TS the protein already presents
a structure similar to N with 20% of the native bonds formed. We hy-
pothesize that the protein structure in the TS is guided by interactions
between the polypeptide chain and the surrounding water molecules.
The formation of a water-layer clathrate limits the accessible volume of
the protein facilitating the collapse from TS to N and the stabilization
of the protein core. The TS is a molten globule structurally similar to N,
stabilized by an outer hydration shell (AH* < 0) but with the internal
contacts not formed. The large configurational entropy loss between U
and TS demonstrates that folding is an entropically driven process in
a golf-course energy landscape, where the TS is the native hole. The
collapse from TS to N forms most of the native bonds accounting for
most of the entropy and enthalpy of folding (ASy ~ AST,AHy ~ AHT)
(see Fig. [4.15). Overall, our results also validate the main predictions
of the ELH. Three thermodynamic inequalities summarize our results:
|AS*| < AST,|AH*| < AH' and AC;5~Y > AC})~T5. These are key
inequalities for molecular folding in line with predictions of the molten

globule and energy landscape hypotheses.



FORCE DEPENDENCE OF PROTEINS” TRANSITION
STATE POSITION

MOTIVATION

Single-molecule force spectroscopy has opened a new field of research
in molecular biophysics and biochemistry. Pulling on single proteins
permits us to manipulate and monitor molecular conformational tran-
sitions with high temporal resolution. In single protein pulling experi-
ments, force-extension curves often present large hysteresis, with higher
unfolding than refolding forces. To date, most experiments based on
pulling experiments have reported a discrepancy between the sum of
the folding and unfolding transition state distances using the kinetic
Bell-Evans model and the full molecular extension. Here, we investigate
this discrepancy by using the two-state folder protein barnase from the

Bell-Evans model and the worm-like chain elastic model.

5.1 INTRODUCTION AND HISTORICAL CONTEXT

As mentioned in Chap. [4} one of the most prominent open questions
in science is how proteins fold. Two of the most accepted hypotheses
to explain protein folding based on experimental observations are the
energy landscape and foldon hypotheses. The first describes the protein
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Figure 5.1.: Illustration of the free energy landscape for the Bell-Evans
model. Left: Scheme of the mFEL at a given force highlight-
ing the position of the transition states, as well as the height
of the kinetic barrier. Right: Force effect on the mFEL. As
we increase the force, the barrier decreases and the unfolded
state becomes more stable.

folding process as a thermally activated transition between states on a
funneled energy landscape with the native state at the bottom of the fun-
nel [59]. The funnel can present secondary minima establishing interme-
diate states with short lifetimes where the polypeptide chain is partially
folded. Hence, the unfolded protein can fold into the native state follow-
ing arbitrary trajectories connecting intermediates. In the late "8os, bulk
hydrogen exchange, NMR, and mass spectrometry studies and theoreti-
cal models mostly by Englander and collaborators consistently observed
intermediates upon folding [9o]. Based on these results, the foldon hy-
pothesis claims that, as a result of evolution, proteins fold along a unique
path in the energy landscape via a sequence of well-defined intermedi-

ates or foldons [91].



5.1 INTRODUCTION AND HISTORICAL CONTEXT

Single-molecule techniques have been used to investigate the thermo-
dynamics of individual proteins with high temporal resolution [92}/93].
In such experiments, force is used to mechanically break the bonds that
stabilize the tertiary structure of proteins. The force required to un-
fold proteins is exerted in the N- and C- termini of the polypeptide
chain, defining a proper reaction coordinate, the end-to-end distance
or molecular extension, useful to describe the molecular free energy
landscape (mFEL) guiding protein folding [71}[72}94]. Over the years,
single-molecule experiments have permitted the reconstruction of the
free energy landscape of a wide variety of proteins, both characterized
by a two-state manner folding/unfolding process [72j95Hg7] and in the
presence of intermediates states [69H71}[73}/98]. The energy landscape
governing the unfolding and folding reactions is widely investigated us-
ing the of Bell-Evans (BE) model [85}/86}99}/100]. For a two-state system,
the mFEL is simplified by two wells representing the native (N) and un-
folded (U) states separated by a kinetic barrier placed in-between at the
transition state (TS) (Fig. . The Bell-Evans model assumes that the
position of the barrier relative to the native (x*) and unfolded (x*) states
is fixed, whereas its height is reduced (increased) relative to N (U), pro-
portionally to the external applied force, upon increasing it (Fig. [5.1).
Moreover, the kinetics to unfold and fold, k_, and k., are proportional
to the exponential of the kinetic barrier, being force-dependent. Two
different experimental approaches are usually exploited to investigate
the folding and unfolding transitions using single-molecule techniques:

hopping and pulling experiments.

On the one hand, hopping experiments are used to derive k_, and
k. from force-time traces by determining the average residence times at
each state. It is known that hopping experiments provide good estima-
tions for the molecular extension x,, = x7 + x*, and the coexistence force
fe (i-e., the force at which k—, (f) = k«(fc)) for molecules with residence
times within the accessible experimental range. Thus, proteins present-
ing a high hysteresis, i.e. the unfolding and folding events occurring
at different force ranges, have kinetic rates that are often inaccessible

to hopping experiments. On the other hand, in pulling experiments,
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which are commonly used to derive the folding free energy and the
elastic properties of the unfolded polypeptide chain, the kinetic rates
are derived from the survival probabilities of N and U. Interestingly,
in these experiments, the timescales of the molecule do not represent
an inconvenience to derive k_, and k., thus they can be used to inves-
tigate high mechanically stable proteins. However, it has been shown
that the molecular extension x;, derived by using the Bell-Evans model
underestimates the predictions based on the elastic properties of the pro-
teins [87]. The following questions arise: Can we use the BE model to
study the kinetics of mechanically stable proteins in irreversible pulling

experiments? Which information can we derive from such experiments?

To answer these questions, we investigate the unfolding/folding ki-
netic rates of the two-state folder protein barnase using pulling experi-
ments. In fact, as shown in Chap. E} barnase presents strong irreversibil-
ity upon mechanical folding and unfolding. Therefore, this protein is a
good candidate to discuss the potentiality, reliability and limitations of
pulling experiments. By performing experiments at different tempera-
tures we also derive the temperature-dependence of the unfolding and

folding kinetic rates, and the kinetic barrier position.

5.2 RESULTS

To derive the temperature- and force-dependent unfolding and folding
kinetic rates of barnase, we have considered the pulling experiments de-
scribed in Chap. [g] where barnase was pulled with optical tweezers in
the temperature range of 7°-37°C. In pulling experiments, the optical
trap is repeatedly moved away and towards the micro-pipette at con-
stant loading rate r. At the same time, the force exerted on the ends of
the molecular construct is recorded, generating the force-distance curves
(FDCs) shown in Fig. Along the stretching or unfolding trajectories
(dark color curves in Fig. [5.2), the protein is pulled from an initial force,
~ 1 pN, where it is in N, to a final force, ~ 30 pN, where it is in U. The
unfolding event is observed as a sudden force drop in the FDCs (black
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37°C 25°C 18°C 14°C 7°C

Figure 5.2.: Pulling experiments at different temperatures. Mea-
sured unfolding (dark color) and folding (light color) force-
distance curves (FDCs) at different temperatures, 7°C (dark
blue), 14°C (blue), 18°C (turquoise), 25°C (green), 32°C (or-
ange) and 37°C (red). The FDCs are shifted along the x-axis
for clarity. The unfolding events at the studied temperatures
are indicated with black arrows. The folding event at 25°C
is shown in a zoom (circle) highlighting the folding event
(black arrow). These FDCs are the ones presented in Fig.
of Chap. El

arrows in Fig. . When the force is relaxed in the folding process (light
color curves in Fig. [5.2), the protein folds back into its native state and
the event is observed as a force rip of about 0.5 pN at lower forces, < 5
pN (see zoom in Fig. [5.2). The hysteresis between the forces at which the
protein unfolds and folds is remarkable, indicating that barnase folding

is highly irreversible when unfolded and folded by mechanical forces.

From the FDCs, the first unfolding and folding force distributions
0—(f) and p(f) is derived. As a way of example, in Fig. the
force distributions obtained at 7, 25, and 37°C have been reported. The
plots clearly show that the unfolding (folding) force distributions shift
to higher (lower) forces as the temperature is decreased. This is due to
the fact that lower temperatures make the protein structure more stable,
and a higher force is required to break the bonds that stabilize the na-
tive structure. Furthermore, in Fig. the irreversibility of barnase
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unfolding clearly emerges, being represented by the wide force gap be-
tween the unfolding and folding force distributions. This effect can also
be seen from the survival probability of the native and unfolded states
along the unfolding and folding trajectories, Py (f) and P (f). The

survival probabilities are derived by using equations

() =1- [ o (Faf

P (f) =1~ /f'mqu’)df’.

Figure shows the survival probabilities Py’ (f) and P{; (f) at three
selected temperatures (7, 25, and 37°C). As expected, the transitions

(5.1a)

(5.1b)

from 1 to o of Py (f) and Pj (f) do not cross in a wide force gap
(6 — 13pN, highlighted area in Fig. [5.3p) in the temperature range stud-
ied in this work, due to the irreversibility of the mechanically induced

unfolding/folding process of barnase.

al 1.0 1.0
—o08H | 37c 2sc 7oc 0.5¢
Sl ' unfolding 0.0
:: 04 folding 1.0t
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Figure 5.3.: Survival probabilities at different temperatures. (a) Un-
folding and folding force distributions at 7°C (dark blue),
25°C (green), and 37°C (red). (b) Top (bottom): Survival
probability of the native (unfolded) state along the unfold-
ing (folding) trajectory at 7°C (dark blue), 25°C (green), and
37°C (red). The wide force gap (6 — 13pN) is indicated by
the green shaded area.

Concerning the unfolding and folding kinetics of barnase, in pulling

experiments where force is increased /reduced at a constant loading rate
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Figure 5.4.: Temperature-dependent kinetic rates. Unfolding (empty
symbols) and folding (solid symbols) kinetic rates at dif-
ferent temperatures, 7°C (dark blue), 14°C (blue), 18°C
(turquoise), 25°C (green), 32°C (orange) and 37°C (red). The
dashed and solid lines are fits to Egs. and (5.3b),
respectively.

r = |df/dt|, the kinetic rates are derived from the force distributions via

the following equations,

) =Drg ) = =20 Gan
oot =5 Bri () = ke ==l G

We derived k_, (f) and k. (f) from the FDCs recorded at different tem-
peratures using Eqs. and (5.2b), which are shown in a log-normal
plot in Fig. for all the investigated temperatures. The effect of the
temperature is more evident in the unfolding process, where unfolding
kinetic rates are strongly affected by T, in contrast to the folding process
where kinetics is weakly temperature dependent. The BE model defines

the unfolding and folding kinetic rates as,
ko (f) = kaexp (= BAG) -exp (") (532)
ke (f) = kexp (— BAG") -exp (B(AGo — ) (5.3D)

being k, the attempt rate, AG the free energy difference between N and

U, and AGT and AG* the kinetic barriers measured relative to N and
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U, respectively. B = 1/kpT, with kg the Boltzmann constant and T the
temperature. A schematic illustration of a general mFEL highlighting
these parameters is shown in Fig. We fitted Egs. and (5.3b)
to the force behaviour of the experimental values of k—, (f) and k(f)
(dashed and solid lines in Fig. to derive the position of TS and the
height of the energetic barrier.

o)

—
(=3
—

| R | S2af oo PRER]
£ 4 = .
. 3} * 9 | 3_20 [ coexistence ® o
x : : & | "yt~ ne unfolded
—11F s 1 12 e _
E 10 i $ ) - 8 | =‘~ .‘\‘\ i
£ 9t ® Iy | “hative o
"< g: O @ i b ® oo o ° 4 i
280 290 300 310 0 280 290 300 310

Temperature (K] Temperature (K]

Figure 5.5.: Bell-Evans fits. (a) Transition state position relative to N
(top) and U (bottom). (b) Unfolding (black circles), folding
(gray circles), and coexistence (black diamonds) forces. The
coexistence force separates the native and unfolded state in
the force-temperature plane.

Figure shows the obtained x' (top panel) and x* (bottom panel)
as a function of the temperature. Notice that when the temperature
increases, xt becomes shorter and x* becomes larger, meaning that TS
moves towards N. Nevertheless, it is necessary to remark that the fits to
Egs. and (5.3b) are done around the most probable first unfolding
and folding force (black and gray circles in Fig. ), meaning that x*
and x* are evaluated at different forces. We have derived the coexistence
force f. by matching k_, and k. using the values that best fits the BE
model to the experimental data (black diamonds in Fig. ). The
temperature dependence of f; defines the coexistence line and it is well
represented with a linear function. The coexistence line separates the

native and unfolded states in the force-temperature plane. Above the
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coexistence line the most probable state is U (yellow shaded region in
Fig. [5.5), whereas below the line the most probable is N. Looking at Fig.
[5.5b, we can notice that the force needed to unfold the protein is higher
than the coexistence force, while the forces at which the protein folds
are below the coexistence force. In addition, at the coexistence force N
and U have the same free-energy, meaning that the barrier to unfold or
fold are equal.

5.2.1 Temperature-dependent kinetic barrier

First, we determined the height of the kinetic barrier from the average

unfolding and folding forces using the Bell-Evans model,

kgT <x+(*)r . e(AG™) /kyT) )
(6]

= 1 .
<f~>(<—)> X+(*) g ku kBT (5 4)
To derive AG' and AG* using Eq. it is necessary to know k,. The at-
tempt rate for protein barnase has been determined previously, k; ~ 150

s—1

, using a miniaturized optical tweezers instrument like the one em-
ployed in this work but that only operates at room temperature [87]. The
derived temperature-dependent AG and AG* are shown in Fig. . As
known from thermodynamics, the temperature-dependent Gibbs free en-
ergy difference between two states is given by AG = AH — TAS, where
AH and AS are the enthalpy and entropy difference between states. The
measured AG™ and AG* vary roughly 60% and 50%, respectively, in
the explored temperature range permitting us to determine the enthalpy
and entropy of the transition state. The derived enthalpy and entropy at
the melting temperature in the assumption of zero heat capacity change
are: AH' = 144 4 7 kcal /mol, AS" = 437 422 cal/mol-K, AH* = 30 +:5
kcal/mol, and AS* = 89 £ 15 cal/mol-K. The measured enthalpy and
entropy for the transition state at the melting temperature agree with
the values shown in Chap. |4} Notice that AG* presents a slight curva-
ture with temperature, whereas AG is linear. This result evidences that
the heat capacity change, AC,, between TS and U (AC; 5-U) is higher
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Figure 5.6.: Temperature-dependent free energy. (a) Height of the ki-
netic barrier relative to N (top) and U (bottom). (b) Folding
free energy as a function of temperature compared with bulk
assays [101)[102] (black lines) and numerical simulations [89]
(gray line).

than the one between N and TS (AC{,V —T5). This has been demonstrated
in the previous chapter by directly deriving the temperature-dependent
values of AHY, ASt, AH*, and AS*. We measured the folding free en-
ergy at each temperature by subtracting AG* to AGT, AGy = AG' — AG*.
The measured folding free energy are shown in Fig. [5.6p. We have com-
pared our results with the protein stability curve of barnase reported in
calorimetric studies [101/j102]] and numerical simulations [89]]. Again, the
measured values for AGy agree with the values shown in the previous

chapter.

5.2.2  Transition state’s position

Second, we have carried out an in-depth analysis about the position of
the kinetic barrier, x* and x*, derived from the fits to the BE model to the
kinetic rates. As a comparison, we determined the molecular extension,
X(f), at the coexistence force as described in Sec. Chap. 4t The



5.2 RESULTS

extension X(f) for the semi-flexible polypeptide chain is well described
by inextensible WLC model [82],

_ kgT X(H\ 2, X(f)
f—ﬁp{(l—w) +4Ndm—1]

where L, is the persistence length of the polypeptide chain, N is the

(5.5)

number of residues, 110 for the case of barnase, and d,, is the distance
between consecutive amino acids. The parameters L, and d,, are de-
rived in Chap. [g} Sec. [1.2.1]by fitting Eq. (5.5) to the measured molecular

extension from the FDCs.
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Figure 5.7.: Molecular extension. (a) Molecular extension derived from
the BE model (empty circles) and from the WLC and FJC
models (solid circles) derived from the FDCs measurements
in shown in Sec. Chap. [4} (b) Number of released
amino acids at the transition relative to N (top) and U
(bottom).

By definition, the total extension X(f) must be equal to x* + x* plus
the extension of the native state (x;), equal to the extension of a dipole
oriented along the force axis. This extension is commonly modeled us-
ing the Freely-Jointed Chain (FJC) model for a single Kiithn segment of
length equal the N-C-termini distance, 3 nm for barnase [21]. Figure
E‘p shows the experimental values x,, = x' + x* (solid symbols) to-
gether with the expected ones using the WLC and FJC models at the

coexistence force, x, = X(fc) — x4(fc) (empty symbols). There is a sys-
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tematic underestimation of ~ 9 nm for the experimental values derived
from the BE model (circles) relative to the expected behavior using the

temperature-dependent elastic properties (squares).

The discrepancy arises from the strong hysteresis between the unfold-
ing and folding FDCs of barnase. Indeed, as mentioned before, k_, and
k. have been adjusted in a range of forces close to the most probable
first unfolding and folding force, respectively. This means that x' is
evaluated at a force higher than f; and x* is evaluated at a force below
fe, both forces are far from the estimated coexistence force. It is at the
latter force that, the molecular extension has been calculated using the
elastic models. Therefore, to properly compare the experiments with
the expected behavior, we need to consider the force-dependent elastic
response of x* and x*. This can be achieved by deriving the number of
released amino acids (aa), 1144, at x* and x*. To do so, we have used Eq.
(]EI) to derive 1,4, at a given force and extension. The derived number
of unfolded amino acids relative to N (n;ra, Fig. —top), and relative
to U (n,, Fig. [5.7b-bottom) are shown in Fig[5.7b. Notice that the sum
of n}, and n, ranges between 80 — 90, and does not recover the total
number of amino acids of the polypeptide chain (110). This result might
be interpreted in terms of the presence of intermediate states in the un-
folding/folding pathway. However, calorimetric studies [101,/102] and
numerical simulations [89] have demonstrated that barnase folds in a
two-state manner. In addition, no evidence of the intermediate has been
reported in other single-molecule pulling experiments [87]. Therefore,
the most probable explanation is that the TS moves with force. This
result does not contradict the BE model, which assumes that the dis-
tance between N and TS (x%) is force-independent. In other words, as

+

force increases 1}, decreases but the extension xt remains constant. This

is evidenced by the nearly perfect linearity of log(k— (f)) (log(k—(f)))
versus force in Fig. Thus, we used Eq. (5.5) to derive the number of
released amino acids at TS as a function of force during the unfolding

+

process assuming that at a given temperature x" is constant in force.
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Figure shows the force-dependence of the estimated n' at all the
studied temperatures. Interestingly, TS moves towards the native state
(i.e., nt, decreases) when the force or the temperature increase. This
result correlates with the Leffler-Hammond postulate for chemical re-
actions [103}[104]. According to such postulate, upon external pertur-
bations, such as the force or temperature employed in our study, the
transition state counteracts the increased thermodynamic stability of the

unfolded state by approaching the native state.

a] I37°C : 25°C '||8°C 14°IC 7°C :
120F 190 ' ' ]
100} . 115} 11
-2 80 g +;_3110- + + |
60 i 105}k 1 |
40_}1 g 100 s
e f (pN)
i3
20 ;;gf??????!ﬁsmnmm
%5 10 15 20 25 30
f (pN)
b 140 c) 25
120 force T _ 20
100 — =
80 g 1.5 ¢
= 60 +—C$ 1.0l ¢
40 © 05 “
ZUW : ® o
0 0.0
280 290 300 310 0 51015202530
Temperature (K] f (pN)

Figure 5.8.: Force dependence of transition state position. (a) 1, as a
function of force. Inset: n}, plus n}, evaluated at the folding
force. (b) nf, at different temperatures for fixed values of
force (from 1pN (light gray) to 30pN (black)). (c) Derivative
of n}, relative to T measured at different forces.
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Taking into account that 1, moves when force is applied, it is evident
that nf, and n%, can be summed to give the total number of aa (100)
only if they have been evaluated at the same force. Hence, we have
calculated the position of the barrier nf, at the most probable folding
force (f ) and summed it to the value of #n, derived experimentally at
the same force. Fig. -inset presents the values of n}, + 1}, evaluated
at (f.) for the different temperatures, showing that the exact number
of 110 amino acid is recovered. This analysis confirms the two-state
behavior of barnase folding and, above all, the effective movement of TS
in amino acid units. TS’s motion counteracts the external perturbation

as predicted by the Leffler-Hammond postulate.

Finally, to better highlight the role played by force and temperature in
promoting the protein unfolding/folding, we have studied the number
of released amino acids at fixed forces as a function of the temperature.
Fig. shows how n}, varies roughly linearly with T at at a constant
force, presenting a slope which is strongly affected by the applied force.
Moreover, Fig. shows the derivative of 1}, with respect to T at fixed
forces. In this case, dn;ru/ dT exhibits a significant decay at low forces,

whereas at forces above 10 pN, dn},/dT reaches a plateau.

5.3 CONCLUSIONS

Here, we employed the optical tweezers technique to pull barnase pro-
tein at the single-molecule level, studying the influence of force and tem-
perature on its molecular free energy landscape (mFEL). The interest in
barnase stems from the high hysteresis observed in force spectroscopy
measurements and from its behaviour as a two-state system upon fold-
ing and refolding, as confirmed by bulk experiments [101}[102] and sim-
ulations [89]]. These features make the protein barnase the ideal exam-
ple to illustrate the underestimation of the molecular extension that has
been reported in literature when pulling experiments and the Bell-Evans
model are combined to investigate dissipative proteins.
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First, we have characterized the mFEL of the protein by using the
Bell-Evans model, overcoming the apparent inconsistency for highly me-
chanically stable proteins. Using non-equilibrium pulling experiments,
we derived the force-dependent unfolding and folding kinetic rates (k_.
and k. ), in a wide temperature range (7 — 37°C). The kinetic barrier
(AG?' relative to N or AG* relative to U) has been studied as a func-
tion of temperature, by using the Bell-Evans approach and the average
unfolding and folding forces determined experimentally. According to
the temperature-dependent Gibbs energy definition, we have also de-
rived the entropy and enthalpy of the transition state at the melting
temperature relative to N, AHT = 144 + 7 kcal/mol, ASt = 437 +22
cal/mol-K, and relative to U, AH* = 30 &5 kcal/mol, and AS* = 89 +15
cal/mol-K. We found a good agreement between these results and the
ones derived using the detailed balance condition and work fluctuation
theorems in Chap. |4} In addition, from AGt and AG*, we have estimated
the folding free energy of barnase, which match with the ones derived
in Chap. |4/ and the ones derived from bulk assays and numerical simu-
lations [89)/101}|102].

Second, we have focused our attention on the study of the TS position,
relative to the native state N and to the unfolded state U, xt and x*
respectively. These positions have been calculated from the kinetic rates
and, as expected for highly irreversible unfolding and folding proteins,
we found that the sum x,, = x7 + x* underestimates the total molecular
extension derived from elastic models, like the WLC and FJC ones. To
better understand this discrepancy, we derived the number of released
amino acids at the transition state, nf, and n%,, by considering x" and
x* and the WLC equation. We have found that the position of TS in
amino acid units moves toward N when the force or the temperature is
increased, while its distance remains fixed as stated by the Bell-Evans
model. This result agrees with the Leffler-Hammond postulate which
states that for chemical reactions the TS moves toward the reactants
when an external agent favors the products [103}[104].
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Finally, the variation of 1}, with the force and the temperature (Fig
clearly pointed out that force and temperature induce a movement of TS
towards the native state. However, while the effect of the temperature is
mainly relevant at low forces, as confirmed by the behaviour of dn}, /dT
(Fig. ), on the contrary the force reveals to be in general a more ef-
ficient denaturant, capable to induce a more relevant movement of TS
towards N. This result is not surprising, after all force regulates a wide
variety of biological processes and playing a key role in the conforma-

tional changes experienced by many proteins in the cells.
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TEMPERATURE-DEPENDENT ELASTIC PROPERTIES
OF DNA

MOTIVATION

The accurate knowledge of the elastic properties of single-stranded and
double-stranded DNA is critical to characterize the thermodynamics of
molecular reactions studied through single-molecule techniques. Here,
we examine the temperature dependence of the elastic properties of

single-stranded and double-stranded DNA molecules.

6.1 INTRODUCTION AND HISTORICAL CONTEXT

DNA is the biomolecule in charge of storing the genetic information
of living organisms. In in vivo conditions, DNA is commonly found
in its double-stranded (dsDNA) conformation forming the double he-
lix that James Watson and Francis Crick discovered in 1953. However,
DNA dissociates into its single-stranded (ssDNA) conformation in many
biological processes, such as DNA replication, reparation, or transcrip-
tion [105}|106].

Since the end of the XX century after the invention of single-molecule
techniques, such as optical tweezers, the elastic properties of dsDNA
and ssDNA molecules have focused the interest of researchers [107].
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Moreover, in force spectroscopy experiments where mechanical forces
are used to unfold DNA, a detailed characterization of the elastic prop-
erties is crucial to derive valuable information, i.e., the folding free en-
ergy, binding energies, or bending energies [108-110]. The elasticity of
semi-flexible biopolymers, such as DNA, is commonly studied using the
Worm-Like Chain (WLC) model [107}|111]. This model characterizes the
elastic response using two parameters: L, and dy,. L, is the persistence
length, which is the length over which correlations in the direction of the
tangent of the polymer decays. d is the inter-phosphate distance, i.e.,

the distance between consecutive phosphates in the nucleotide chain.

Previous studies investigated L, and d;, varying the length of the
molecules at standard temperature, 25°C. First, the inter-phosphate dis-
tance reported from single-molecule experiments (SMEs) match with the
reported ones from X-ray crystallography, d, ~ 6 A for ssDNA, and
dy ~ 3 A for dsDNA, without important effects when varying the length
of the polymer. Second, the persistence length exhibits different behav-
ior when varying the length of the polymer for ssDNA and dsDNA.
On the one hand, the persistence length of long ssDNA chains, more
than 100 bases, are roughly equal to d,, Ly ~ 0.7 nm, whereas for short
chains, less than 100 bases, L, ~ 1.3 nm [111)/112]. Finally, for dsDNA
molecules, L, ~ 50 nm for long chains (> 50 bp) and L, ~ 2 nm for
short chains (< 50 bp) [107}113].

Here, we investigate the temperature dependence of the elastic prop-
erties of ssDNA and dsDNA molecules. To do so, we measure the force-
dependent molecular extension from pulling experiments. We have in-
vestigated three DNA hairpins formed by 24, 32, and 44 bases, and
a dsDNA molecule formed by 24 kbp in a wide temperature range
5 — 50°C. The information of the elastic properties of such molecules
would provide the information required to derive the folding entropy

and enthalpy.
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6.2 RESULTS

6.2.1 Single-stranded DNA

Three studied hairpins with different GC content have been used to
investigate the ssDNA temperature-dependent elastic response and es-
tablish if there is a sequence dependence or not (sequences shown in
Fig. [6.1). Moreover, the hairpins have been designed with 5'-Pyrimidine
- Purine-3” motifs to prevent stacking interaction between consecutive
bases. The same hairpins are used to study the temperature-dependent

folding energy, entropy, and enthalpy in Chap.
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Figure 6.1.: Hairpins” sequence. Sequence of the three used hairpins,
poly(GC), poly(AT), and mixed, to derive the elastic proper-
ties of the ssDNA.

We have carried out pulling experiments to determine the force- and
temperature-dependent molecular extension of ssDNA, xs;pn4, and sub-
sequently derive its elastic properties. Briefly, in these experiments, the
optical trap is repeatedly displaced away from and towards a reference
point (in our case, the bead in the micro-pipette) to mechanically un-
fold/fold the DNA hairpins (Fig. [6.2). At low force, the three hairpins

are in their native state (N) or dsDNA conformation, while at high force,
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Figure 6.2.: Pulling experiments at different temperature. (a) Unfold-
ing (red) and folding (blue) force-distance curves. The red
and blue arrows point out the unfolding and folding events,
respectively. The black dashed and dotted lines correspond
to the N- and U- force branches. (b) Force-distance curves
measured at room (green), high (red), and low (blue) tem-
peratures for poly(GC) (left), poly(AT) (center), and mixed
(right) hairpins. Dark (light) curves correspond to unfolding
(folding) trajectories.

the hairpins are unfolded (U) in their ssDNA conformation. The unfold-
ing (N — U) and folding (U — N) events are observed as sudden force
rips in the force-distance curves, FDCs, (red and blue arrows in Fig.
top). In the FDCs, we define two force branches: when the molecule is
in N, N-branch, and when the molecule is in U, U-branch. Therefore,
by measuring the difference in trap position at fixed force values AA(f),
we derive the difference in molecular extension between the ssDNA and
dsDNA conformations of the hairpins (Fig. [6.2}top),

AA(f) = xsspna(f) — xa(f) - (6.1)
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To extract xgspya from Eq we have modeled the extension of the
native (dsDNA conformation) state, x;, as the extension of a rigid dipole
projected along the force axis. The extension x,; has been determined us-
ing the Freely-Jointed Chain model assuming that the Kithn and contour
lengths are equal to 2 nm and constant with temperature. Moreover, by
measuring AA at different values of f between the last folding and un-
folding events, we reconstructed the force-extension curve of the ssDNA.
Taking profit from the fact that each hairpin unfolds/refolds at different
force regimes (Fig. bottom), we have demonstrated that the elasticity
of ssDNA does not present effects due to the sequence. Commonly, the

force versus x;spna curves are known as force-extension curves (FECs).
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Figure 6.3.: Force-extension curves of ssDNA. (a) Molecular extension
at 25°C of poly(GC) (green), poly(AT) (yellow), and mixed
(red) hairpins. Solid line is the expected behavior using WLC
model with the elastic properties reported in the literature
[111]. (b) Normalized molecular extension to demonstrate
that the ssDNA does not present sequence effects.

Figure shows the measured xgpna (f) at 25°C for the three DNA
hairpins: poly(GC) (green), poly(AT) (yellow), and mixed (red). The
solid lines are the expected behavior considering the elastic response
reported in the literature [111]]. As expected from the FDCs, each hairpin
provides information on the elastic response of the ssDNA at different

force regions. In addition, we have normalized the extension x;;pna by
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the total number of bases to demonstrate that the elasticity of ssDNA
does not present sequence effects (Fig. [6.3b).

To determine the temperature-dependent elastic properties of ssDNA,
we have adjusted xgpna to the inextensible Worm-Like Chain (WLC)
model and its interpolation formula [82],

_ kgT x \ 72 x

being f the measured force, x the molecular extension, N the num-
ber of bases, kg the Boltzmann constant, and T the temperature. The
temperature-dependent molecular extension of the ssDNA has been di-
rectly determined from the FDCs recorded at every temperature (Fig.
bottom) using Eq. (6.1). We have determined the temperature de-
pendence of L, and d}, by fitting the measured molecular extension as a

function of force to Eq. keeping L, and d, as free parameters.
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Figure 6.4.: Temperature-dependent FECs. Experimental values of
XsspNA for the poly(GC) (left), poly(AT) (center), and mixed
(right) hairpins at all the studied temperatures. The solid
lines are the fits to Eq. with Ly and dy, as free parameters.

Figure shows the measured xgpna(f) (symbols) together with
the fits to Eq. (solid lines) leaving L, and d}, as free parameters for
the three hairpins at all the studied temperatures. Note that for a fixed
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value of force, the extension of the ssDNA becomes larger as we increase
the temperature. This fact indicates that if we assume that the distance
between bases dj, does not vary with temperature, the elastic response

of the ssDNA becomes stiffer as we increase the temperature.

We have found that L, has a strong temperature dependence indepen-
dently of the sequence (Fig. [6.5}bottom), whereas the inter-phosphate
distance has a tiny temperature dependence (Fig. [6.5}top). Both pa-
rameters, dj, and L, have been adjusted with a linear trend with slopes
0.016 + 0.002 A/K and 0.28 + 0.01 A/K, respectively. Comparing the
slopes, we can see that dL, /9T is ten times larger than dd;, /0T, indicat-
ing that the inter-phosphate distance is roughly constant with T. More-
over, it has been reported that L, has an electrostatic contribution that
depends on the temperature-dependent screening Debye length, which
is proportional to T1/2 [114]. For the studied temperature range, we
did not find a significant difference between a linear fit and a fit using
Ly(T) =aT"2 +b.
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Figure 6.5.: Elastic parameters. Inter-phosphate distance (top) and
persistence length (bottom) measured using the poly(GC)
(green), poly(AT) (yellow), and mixed (red) hairpins.
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6.2.2 Double-stranded DNA

In contrast with pulling experiments using DNA hairpins, in pulling ex-
periments using dsDNA molecules, the force is exerted in the 3’- ends
of each complementary ssDNA strand (Fig. [6.6). Hence, force does not
induce a mechanical melting of the dsDNA but stretches it from its ends
in this configuration. To study the elastic properties of dsDNA, we have
carried pulling experiments using a segment of 24805 bp from the DNA
of the bacterial virus enterobacteria phage A. To obtain this specific seg-
ment, we utilized two specific restriction enzymes that cut the dsDNA

in the desired recognition sites.

trap position A 4‘

3-end 3-end
%/\/\/\/\/\/
Biotin Dig-tail
dsDNA segment

Figure 6.6.: Experimental setup. The dsDNA segment is tethered be-
tween two dielectric. The connection between the dsDNA
molecule and the beads is done by specific interactions: Bi-
otin - streptavidin and Digoxigenin - anti-digoxigenin.

In pulling experiments using dsDNA molecules, the molecule is re-
peatedly stretched and relaxed between a minimum force (typically ~ 1
pN) and a maximum force (50 — 60 pN). The measured FDCs present
three different regimes. In the first regime, f < 4 pN, an entropic con-
tribution dominates the elastic response of the dsDNA. At these forces,
the randomly coiled dsDNA starts to be stretched, losing degrees of free-
dom. The second regime, 4 < f < 60 pN, is dominated by the enthalpic
contribution to stretch the hydrogen bonds of the dsDNA. In this regime,

the FDCs are way steep, and small changes in the molecular extension



6.2 RESULTS

are translated into large changes in the measured force. The third regime
is defined at high forces, f ~ 67 pN at 25°C, where a force plateau is
observed. This plateau corresponds to the overstretching transition of
DNA [107].

In Figure[6.7p, we show a single stretching trajectory measured at dif-
ferent temperatures, 9 (dark blue), 15 (light blue), 25 (green), 38 (brown),
and 45°C (red). Notice that the entropic regime and the overstretch-
ing plateau are recorded for all the studied temperatures. Whereas
the entropic regime is nearly temperature independent, the temperature
strongly affects the overstretching transition. Figure shows the av-
erage force along the plateau as a function of temperature. This force is
approximately linear with the temperature. Finally, we can see that the
elastic response between 4 — 40 pN becomes less rigid with T, the slope

of this regime is more pronounced at low temperatures.
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Figure 6.7.: Stretching dsDNA. (a) FDCs obtained at different temper-
atures using a 24kbp dsDNA molecule. (b) Average force
at the measured overstretching plateau as a function of
temperature.

To derive the elastic properties of dsDNA, we used the WLC model,
Eq. (6.2). Nevertheless, at this point, we do not have a direct mea-
surement of the force-dependent molecular extension of the dsDNA

molecule, xzpna(f), in contrast to the previous case. To derive such
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molecular extension, we have subtracted the bead displacement from

the measured distance A,

AMf) = xaspna(f) +

o+, (6.3)
trap

where Ag is an arbitrary origin to the A measurement, and ktmp is the

stiffness of the optical trap.

First, we have derived the value of ktqp from the FDCs of the DNA
hairpins. To do so, we have used a variant of Eq.

AMf) = xsspna(f) + kL + Xpandte(f) + Ao, (6.4)

trap

where the elastic response of the DNA handles (xj4,4105(f)) was de-
rived using the elastic properties reported in the literature [113], and the
XsspNa Were derived as explained before. Using these parameters, we
have fitted the U-force branch to find the value of k4 that best matches
Eq. with the experiments. The resulting force-extension curves for
dsDNA are shown in Fig. together with the fits to the WLC model.
Equation have been fitted in a force range between 0 and 20 pN.
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Figure 6.8.: Force-dependent extension of dsDNA. (a) Measured FECs
at 9 (dark blue), 15 (light blue), 25 (green), 38 (brown), and
45°C (red). The light lines correspond to fits to the WLC
model. (b) Residuals defined as the difference between the
measured force and the fitted one as a function of x pn4-
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The derived L, and d;, are shown in Fig. On the one hand, d,,
is practically constant in temperature with an average inter-phosphate
distance of 0.34 nm, which agrees with X-ray crystallographic measure-
ments. On the other hand, L, is strongly affected by the temperature.
Like the ssDNA, the temperature response of Ly is well fitted with a lin-
ear function or a function like aT'/2 4 b. However, the slope that best fits
with the experimental data is negative and equal to —0.54 £ 0.05 nm/K.
Contrary to ssDNA, where L, increases with temperature, the dsDNA

becomes softer when the temperature increases.

a) ——————— b} -
I 3.9t
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Figure 6.9.: Elastic properties of dsDNA. (a) Measured persistence
length (symbols) together with a linear fit (black solid line)
and a fit to aTV/2 4+ b (gray dashed line). (b) Measured inter-
phosphate distance. The dashed line denotes the average
value.

6.3 CONCLUSIONS

Here, we have investigated the elastic response of ssDNA and dsDNA
molecules at different temperatures using pulling and stretching exper-
iments. We have unfolded and folded DNA hairpins to measure the

molecular extension of ssDNA molecules. DNA hairpins are ssDNA
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chains that fold into themselves, forming structures like a hairpin, i.e.,
a dsDNA stem ended with an ssDNA loop. To measure the force-
dependent molecular extension of dSDNA molecules, we have stretched
and relaxed a 24kbp DNA segment of the bacterial-virus A-phage. To
characterize the elastic response of both molecules, we have used the
inextensible Worm-Like Chain (WLC) model. This model describes the
elasticity of semi-flexible biopolymers using two parameters: the persis-
tence length L, which gives information of the correlations along the

tangential direction of the polymer, and the inter-phosphate distance dj.

We have found that the persistence length of ssDNA and dsDNA is
strongly affected by T in the explored temperature range, 5 — 50°C. Inter-
estingly, whereas ssDNA becomes rigid (L, larger) at high temperatures,
dsDNA becomes softer (L, smaller). The temperature response of L, is
well fitted with a T1/2 behaviour where the slope of dsDNA is ten times
bigger than the one of ssDNA. It means that the dsDNA is more affected
by the temperature in the same temperature range. In addition, previ-
ous pulling experiments proved that L, for ssDNA follows the expected
behavior of L, ~ 1/I on]'/? considering the Debye-Hiickel theory [115].
Also, unzipping experiments have changed the ionic strength to simulate
different temperature conditions to derive the temperature dependence
of DNA folding energies [116]. The persistence length of a semi-flexible
polymer, such as ssDNA or dsDNA, has an intrinsic persistence length

and an electrostatic contribution that depends on the screening Debye

length (Ap):
1/2
Ao= < ks ) . ©3)
Z 0”] ‘l]

In Equation (6.5), N denotes the different species of charges, g; is the
charge of the jth species with concentration nj. € and ¢ are the relative
static permittivity and dielectric constant, respectively. In the explored
temperature range, we have found that L, is well fitted with a linear
or the aT'/2 4 b function. A discrepancy of only ~ 10% between both

functions is found close to 100°C, the temperature where water boils.
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Below this temperature, we do not appreciate any difference between
both functions.

Finally, the inter-phosphate is slightly affected by the temperature for
both DNA molecules in the explored temperature range. On the one
hand, the inter-phosphate distance of the ssDNA chain increases linearly
with T with a slope ten times smaller than the slope for L. Therefore,
we can assume that dj, is constant with T with an average value equal to
0.58 £ 0.01 nm. On the other hand, d;, for the dSDNA molecule is prac-
tically constant with T with an average value of 0.34 £ 0.01 nm, which
agrees with the inter-phosphate distance measured from X-ray crystallo-

graphic experiments.
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SEQUENCE EFFECTS ON DNA HEAT CAPACITY
CHANGE

MOTIVATION

The folding thermodynamics of biopolymers is a notoriously difficult
topic. This problem is made especially complex by the presence of sev-
eral actors: solvent, counterions and solutes that establish interactions of
similar order of magnitude. This is why, still nowadays, it is important
to push the resolution of measurements on the process by which two
complementary DNA strands meet and form the well known double he-
lix. Here, we investigate the folding process of DNA using calorimetric

single-molecule experiments.

7.1 INTRODUCTION AND HISTORICAL CONTEXT

Two of the most relevant techniques in the study of DNA folding are
differential scanning calorimetry [117] and isothermal titration calorime-
try [118] (DSC and ITC). These techniques measure the melting temper-
ature and the enthalpy difference between the native, N, and the dena-
tured or unfolded conformation, U, at the melting temperature. Initial
results based on DSC suggested that the dissociation enthalpy difference
does not have a temperature dependence, i.e., no heat capacity change
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(ACp) between dsDNA and ssDNA was detected [119121]. More recent
studies combining ITC and DSC have shown that the melting process
measured at low (ITC) and high (DSC) temperatures do not match each
other. These results prove the fact that the formation enthalpy and en-
tropy must depend on temperature. The temperature dependency of the
enthalpy (AHy = H(l)l — Hé\] ) and entropy (ASg = S(%I — Sé\] ) difference
equals,

AHy(T) = AHY' + ACy (T — Ty) (7.1a)

ASo(T) = ASY' + AC, log (Tl) (7.1b)
m

where AC, = Ci,\’ — Clﬁ[' denotes the heat capacity change between N
and U, and AHJ' (ASy') is the enthalpy (entropy) change at the melt-
ing temperature (T);). Depending on the sequence and length of the
molecules employed, AC,, values range between 40 — 160 cal/mol-K per
base-pair (bp) [122H126]. Moreover, although entropy and enthalpy val-
ues at a given temperature are different for a GC or an AT base-pair,
recent studies did not resolve the sequence dependence for heat capac-
ity changes [125)/126].

Nowadays, Single-Molecule Experiments (SMEs) study folding and
binding energies with an unprecedented resolution. In such experi-
ments, force is used to modulate the relative stability of the folded and
unfolded state. Force becomes a novel thermodynamic parameter to ob-
tain a richer picture of the folding transition. Two advantages of SMEs
are especially relevant in studying DNA folding thermodynamics. On
the one hand, we can measure the force-dependent folding kinetics with
high accuracy. This allows us to characterize the relative stability be-
tween N and U and the activation energy and the position of the transi-

tion state to map the molecular Free-Energy Landscape (mFEL).

On the other hand, we can explore folding thermodynamics on the
two-dimensional plane defined by force and temperature, two indepen-
dent parameters that we can control precisely. In this plane, we focus

on the particular line, the coexistence line, where the probability of find-
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ing the molecule in N or U is 50%. At coexistence, we can use the
Clausius-Clapeyron equation to directly estimate the folding entropy at
the corresponding coexistence force and temperature with tight control
on experimental error (mathematical details in App. . However, to
compare results obtained at a given force with the zero-force calorimet-
ric studies, we must subtract the elastic contributions of the different
elements involved in the SMEs.

Here, we investigate three short DNA hairpins with different GC con-
tent, i.e.,, GC-rich, AT-rich, and mixed, to determine the free energy, en-
tropy, enthalpy, and heat capacity change of a single GC (Guanine paired
with a Cytosine) and AT (Adenine pared with a Thymine) base-pair. To
do so, we carry out hopping experiments measuring the folding and un-
folding kinetic rates in a wide temperature range, 5-50°C. Contrary to
protein barnase, where hopping experiments are unfeasible due to the
high dissipation towards mechanical unfolding, we determine the coex-
istence force and folding free energy directly from equilibrium hopping
experiments. To use the Clausius-Clapeyron like-equation, we use the
elastic properties of ssDNA derived in Chap. [6] Moreover, we investi-
gate two hairpins with the same stem sequence (~ 50 % GC content)
with different loop lengths to study their impact on the folding free en-
ergy, entropy, and enthalpy.

7.2 RESULTS

The sequences of the three DNA hairpins used to derive the energy, en-
tropy, and enthalpy per bp are shown in Fig. Mention that these
sequences are the same ones used in Chap. [ to derive the elastic prop-
erties of ssDNA molecules. The first hairpin, which we named poly(GC),
has been designed with a stem formed by only five 5’-GC-3" dinucleotide
steps (the stem has a total of 10 bp). We chose this sequence to pre-
vent stacking interactions between first neighbors when the hairpin is
folded. Poly(GC) hairpin allows us to determine the folding free energy
of a single GC bp and its entropy and enthalpy difference. The second
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hairpin, poly(AT), has a stem formed by six 5'-AT-3" dinucleotide steps.
In addition, poly(AT) has a 5'-GC-3" motif preceding the twelve AT bp
to prevent breathing or thermal hopping at the beginning of the stem.
Therefore, poly(AT) is formed by 14bp in the stem. As for poly(GC),
poly(AT) has a purine followed by a pyrimidine to prevent stacking in-
teractions between consecutive bases. For the poly(AT) hairpin, we de-
rive the energy, entropy, enthalpy, and AC, of an AT bp. Finally, the last
studied hairpin, named mixed, has a stem formed by 20 bp with a 50%
GC content. We use the last hairpin to test the validity of the results
obtained with the other two hairpins. The mixed sequence, however,
contains three non-nearest neighbour motifs containing 3 and 4 consecu-
tive purines along the single strand DNA chain (GAG, AGA, and GAGA
highlighted in Fig. [7.1). These trinulceotides and tetranucleotides mo-
tifs are expected to further stabilize the double helix beyond what is
predicted by the nearest neighbour model. Therefore, the energy per
bp derived by averaging results obtain from the poly(GC) and poly(AT)
hairpins would set a lower bound to the energy per bp obtained in the
mixed hairpin. The difference in energy would be related to the trinu-
cleotide and tetranucleotide purine stacks. The total free energy, entropy,
and enthalpy difference between the initial and final state, i.e., N and U,
is the sum over the base-pairs forming the stem. The three hairpins have

a tetra-loop equal to 5'-GAAA-3’".

7.2.1  Unfolding/Folding kinetic rates

We carried out passive hopping experiments (see Chap. Sec.
for experimental details) at different trap positions in a wide tempera-
ture range, from 5°C to 50°C, to study the unfolding and folding force-
dependent kinetic rates of the three DNA hairpins. In Figure we
show the first 5 seconds of a force-time trace measured at 6, 25, and
45°C for the three hairpins (poly(GC) in the top, poly(AT) in the middle,
and mixed in the bottom). On the right, we show the force distribution

of each force-time trace considering the entire trajectory. Notice that the
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Figure 7.1.: Hairpins” sequence. Poly(GC) has only GC bps (left),
Poly(AT) has two GC bp and twelve AT bp (center), and
mixed has 50% GC content.

number of transitions per unit of time at a given temperature increases
when reducing the hairpin length. Moreover, the number of hopping
events increases when heating the media surrounding the molecules. In
addition, the average unfolding and folding forces, i.e., the measured
force when the hairpins are in N and U, respectively, are reduced when

we increase the temperature.

To determine the unfolding (k_,) and folding (k.-) kinetic rates from
the force-time traces, we calculated the average residence time or lifetime

(t) of each state,
ko =1/(tw) 5 ke =1/{tu) (7:2)

Figure shows the measured unfolding (solid symbols) and folding
(empty symbols) kinetic rates for the poly(GC) (top), poly(AT) (middle),
and mixed (bottom) hairpins. At first sight, we notice that the hairpin
poly(GC) is the hairpin that folds/unfolds at higher forces. In compar-
ison, the hairpin poly(AT) is the one that folds/unfolds at lower forces,
and the mixed hairpin folds and unfolds in-between. This result indi-
cates that the required energy to unfold the poly(GC) hairpin is higher
than that required to unfold the poly(AT) hairpin. This agrees with the
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Figure 7.2.: Passive hopping experiments at different temperatures.
Force-time traces measured at 6 (blue), 25 (green), and 45°C
(red) for the poly(GC) (top), poly(AT) (middle), and mixed
(bottom) hairpins. In the right is shown the force distribu-
tion of each force-time trace.

fact that a GC bp has an extra hydrogen bond relative to an AT bp.
Moreover, as mentioned before, we can see that the force required to
unfold/fold the hairpins is shifted at lower values when the tempera-
ture increases. Finally, from Fig. we notice that the kinetic rate at

coexistence where k_, (f) and k. (f) cross increases upon increasing T.

To investigate the mFEL and derive the folding free energy from the
measured kinetic rates, we use the two-state Bell-Evans (BE) model
. This model describes the mechanically induced unfolding (folding)
transitions as thermally activated processes over a transition state energy
barrier AG:)r (AGy) relative to N (U). The energy of the kinetic barrier
is defined as AG} = GI® — GlY (AG; = GI® — G{}). The BE model
assumes that, for a fixed transition state (TS) position, the height of
the kinetic barrier to unfold (fold) decreases linearly with the applied
force, AGt = AGJr for (AG* = AG{§ — fx*), being xF (x*) the distance

from the native (unfolded) state to the transition state. The following
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Figure 7.3.: Force- and temperature-dependent kinetic rates. Unfolding
(k—s, solid symbols) and folding (k., empty symbols) for
the poly(GC) (top), poly(AT) (middle), and mixed (bottom)
hairpins.

equations describe the force-dependent unfolding and folding kinetic

rates,
ko (f) = kaexp (= BAGY) - exp (Bfx") (7.39)
ke (f) =kaexp (— BAG) -exp(fﬁfx*) (7.3b)

being B = kgT, kg the Boltzmann constant, T the temperature, and k,
the attempt rate of the system.
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According to Egs. and (7.3b), the kinetic rates k_, and k. satisfy

the detailed balance condition,
ks

log (. — )= B(fxm — AGo) (7-4)
—

where AGy = AG} — AG} = GY — GY is the free energy difference
between N and U, and x,, = xt + x* the extension between N and U,

which equals the extension of U minus the extension of N, ie., xy =

Xy — XN-
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Figure 7.4.: Detailed balance condition. Measured values of

log(k—, /k«) for the poly(GC) (top), poly(AT) (middle), and
mixed (bottom) hairpins (symbols) together with fits to Eq.

(7-4) (solid lines).

Figure [7.4| shows the measured k_, /k. in a log-normal plot (right Y-
axis) and normal-normal plot (left Y-axis) for the three hairpins at all the
studied temperatures as a function of the apparent force. The apparent
force is defined as the average force considering the elastic response of

the system when the hairpin is in N and U. This force is helpful to
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determine the k_, /k. at a given value of force [113]]. As can be seen, the
behavior of log (k—, /k.) is approximately linear in the explored force
range, which agrees with Eq. (7.4). The solid lines in Fig. [7-4] are fits to

Eq. (7).

7.2.2  Coexistence condition

We have derived the coexistence force f. following two analogous ap-
proaches. First, we determined the force where k_, crosses k., and
second, we determined the force at which log(k— /k.) = 0. Figure
shows the average f. as a function of temperature. As expected
for a thermally activated process, f. decreases when the temperature in-
creases. The coexistence force for the three molecules defines the line
where the probability of being in N and U is equal. It is well adjusted by
a linear trend (dashed lines in Fig. ). Second, we have determined
the coexistence kinetic rate (k— (fc) = k«(f¢) := k). We have found that

ke < exp(1/T) as expected from Egs. and (7.3b) (Fig. [7.5b).
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Figure 7.5.: Coexistence condition. Temperature-dependent coexistence
force (a) and kinetic rate (b). Dashed lines in panels (a) and
(b) are linear and exponential fits, respectively.
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7.2.3 Transition state’s position

The position of the transition state relative to N, xT, and U, x*, have been
determined from the slopes of the log(k— (f)) and log(k(f)) close to
the coexistence point (f¢, k¢). According to Egs. and (73b), x* + x*
equals the extension difference between N and U at coexistence force,
which we denote as x;,. Figure shows x;; normalized by the total
number of bases to compare the three DNA hairpins (24 bases for the
poly(GC), 32 bases for the poly(AT), and 44 bases for the mixed hairpin).
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Figure 7.6.: Molecular extension at the coexistence force f.(T). (a) Exten-
sion difference between N and U at fc(T) normalized by the
number of bases. (b) Transition-state distance normalized by
Xm. (c) Extension per base measured in Chap. |§| (semitrans-
parent symbols) and extension measured from the kinetic
rates (solid symbols) at 25°C.

According to the Leffle-Hammond postulate [103}/104], the number
of released base pairs at the transition state at a given force is reduced
as we increase the temperature. Here, we have determined the fraction
of unfolded bp at the transition state by dividing x! by the difference
in extension between N and U, i.e., x;;, both extensions evaluated at
the coexistence force. Figure shows the fraction of unfolded base
pairs at TS relative to N as a function of temperature. As expected, at

high temperatures, the fraction is smaller, in agreement with the Leffler-
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Hammond postulate. Finally, in Fig. [7.6k, we compare the molecular
extension per base at 25°C derived in Chap. [} with the ones using
the Bell-Evans model. According to Fig. [7.6, the extension x, per
base for the mixed hairpin would be between the one of poly(GC) and
poly(AT). However, in Fig. , the extension x, for the mixed hairpin is
larger than the other two. This result arises from the fact that the dipole
contribution for the mixed hairpin represents roughly the 8% of the full
extension. In contrast, this contribution represents the 20% and 14% for
the poly(GC) and poly(AT), respectively. This difference in percentages
arises from the different number of base pairs of the hairpins (20bp for
the mixed, 10bp for the poly(GC), and 14bp for the poly(AT).

7.2.4 Folding free energy
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Figure 7.7.: Temperature-dependent folding free energy. (a) Total fold-
ing free energy for the three studied hairpins, poly(GC)
(green), poly(AT) (yellow), and mixed (red). (b) Folding free
energy per bp derived from the experiments: GC bp (green
circles), AT bp (yellow squares), and mixed (red diamonds).
The dashed line corresponds to the average value consider-
ing the experimental results per GC and AT bp.
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We have derived the folding free energy AGy as a function of temper-
ature using two different approaches: from the fits to Egs. and
([z3b), and from the fit to Eq. (7.4). In figure[7.7p, we show the derived
folding free energy as a function of temperature. As expected from ther-
modynamics, AGy is strongly affected by T. In fact, from Gibbs energy

definition we know,
AGy(T) = AHy — TAS (7:5)

where AHj and ASy are the enthalpy and entropy difference between N
and U, respectively. Therefore, by adjusting Eq. (7.5) to the experimental
values, we have derived AHy and ASy, as well as the melting tempera-
ture T),, which is defined as T, = AHy/ASy. The obtained values are
shown in Tab. [7.1}top rows.

Finally, from the measured AGq values, we have extracted the folding
energy of a GC and AT bp using the poly(GC) and poly(AT) hairpins
and the average folding energy per bp from the mixed hairpin. We have
divided the total energy of the poly(GC) hairpin by the ten bp forming
the stem of the hairpin to derive the folding energy of a single GC bp.
The obtained results are shown as green circles in Fig. [7.7b. We have
subtracted the energy of the two GC bp in poly(AT) and divided the rest
by the twelve AT bp to derive the average energy of a single AT bp. The
resulting values are shown as yellow squares in Fig. [7.7b. Finally, the
average energy per bp has been obtained by dividing the total energy
of the mixed hairpin by the 20 bp forming the stem (red diamonds in
Fig. [7.7b). As before, we have fitted Eq. to the experimental values
to derive the entropy, enthalpy, and melting temperature of a single bp.
The results are summarized in Tab. bottom rows. In addition, using
the enthalpy and entropy per GC and AT bp, Ahg and Asg, we have
calculated the expected average energy per bp. As can be seen in Fig.
, the average energy per bp using the derived energies for a single
GC and AT bp (dashed red line) matches the observed behavior obtained

from the mixed hairpin.
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The enthalpy and entropy in Tab. [7.1|are measured in the assumption
of zero heat capacity change, i.e., H and S do not depend on T. There-
fore, the values in the tables would match the values measured at the

melting temperature. According to Egs. and (7.1b), the tempera-
ture dependence of AGy is defined as

AGy(T) = AHy' — TASF + TAC, {1 —log (%)} —TuACy . (7.6)
Commonly, equation is known as the stability curve of a protein
or DNA/RNA molecule. According to Eq. (7.6), the measured energy
per base pair should exhibit a negative curvature in the explored tem-
perature range due to the AC, > 0. Nevertheless, the energy per base
pair shown in Fig. does not have the expected curvature. There-
fore, to derive the heat capacity change for each bp type, we derived the
temperature-dependent entropy and enthalpy.

AHp ASo Ty
(kcal/mol) (cal/mol-K) (°C)
poly(GC) 115+ 14 314 +48 9345

poly(AT) 133 £5 400+ 16 59 £2
mixed 2007 560 £ 21 822
GC bp 12+1 31+5 93+5
AT bp 92+04 28+1 56 £ 2
mixed bp | 10.2+0.3 29+1 82+2

Table 7.1.: Derived enthalpy, entropy, and melting temperature
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7.2.5 Temperature-dependent entropy and enthalpy change

We have determined the temperature-dependent entropy change across

unfolding/folding using the Clausius-Clapeyron like-equation derived
in App.[E

fe(T) axm(f// T) .
Tdf . (7.7)

aso(1) = - 2D sy - [

In equation @), X is the molecular extension difference between N
and U. The value of x,,(f(T)) (Fig. [7.6h) has been determined from the
kinetic rates and the Bell-Evans model, while the force and temperature
dependence of xy, in the integral of the rhs of Eq. (7.7) has been derived
using the elastic parameters of ssDNA presented in Chap. [f] The en-
tropy and entropy per bp measured using Eq. (7.7) are shown in Fig.
The entropy per GC and AT bp has been estimated following the same

procedure as the one used to derive the folding free energy per bp.
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Figure 7.8.: Temperature-dependent entropy change. (a) Total entropy
change for the three studied hairpins, poly(GC) (green),
poly(AT) (yellow), and mixed (red). (b) Entropy difference
per bp derived from the experiments: GC bp (green circles),
AT bp (yellow squares), and mixed (red diamonds). The
dashed line corresponds to the average value considering
the experimental results per GC and AT bp. The solid lines

in panel (a) and (b) are fits to Eq. (7.1b).
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The heat capacity change across folding has been derived using Eq.
(7-1B), which is an expansion of the temperature dependence of ASy
close to the melting temperature Ty,. Equation[7.1b]is also used to derive
the entropy difference per bp. The heat capacity change and Asj' per bp
are summarized in the Tab.

H Asg AC, ‘ Ahg AC,
(cal/mol-K) (cal/mol-K) | (kcal/mol) (cal/mol-K)
GC bp 41+2 95+11 14+1 85+ 10
AT bp 21+1 66+ 8 6.5+0.2 70+ 6

mixed bp 302 77 +£6 11+1 76 +7

Table 7.2.: Melting entropy, enthalpy and heat capacity change per bp
measured using Egs. and (7.1a).

Finally, to derive the temperature-dependent enthalpy difference be-
tween N and U, we have used the thermodynamic definition of Gibbs
free energy, i.e., G = H — TS. To derive the melting enthalpy and heat
capacity change from the measured values, we have adjusted the exper-

imental trend to Eq. (7.1a).
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Figure 7.9.: Temperature-dependent enthalpy change. (a) Total en-
thalpy change for the three studied hairpins. (b) Enthalpy
difference per bp derived from the experiments: GC bp
(green circles), AT bp (yellow squares), and mixed (red di-
amonds). The dashed line corresponds to the average value
considering the experimental results per GC and AT bp. The
solid lines in panel (a) and (b) are fits to Eq. (7.1a).
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The experimental results of AHy and Ahg are shown in Fig. The
solid lines in panels (a) and (b) are fits to Eq. to estimate AH{",
Ahj', and ACy. The estimated Ak’ and ACy, are presented in Tab. In
addition, using the values of Ahj’ and AC), for a GC and AT bp, we have
estimated the enthalpy for the mixed bp (dashed red line in Fig. [7.gb),
which agrees with the experimental results obtained from the mixed
hairpin.

7.2.6  Loop’s length effects
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Figure 7.10.: Pulling experiments with different loops. (a) Sequence
of the mixed hairpins. (b) and (c) Pulling experiments at
low (blue), room (green), and high (red) temperatures us-
ing the mixed-L4 (a) and mixed-L8 (b) hairpins. In both
panels, dark (light) colors denote the unfolding (folding)
trajectories.

To conclude this investigation, we have studied the folding thermody-
namics of a modified mixed hairpin (Fig. [7.10p) to scrutinize the effects
of the loop length in the folding entropy, enthalpy, and heat capacity
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change. The modified mixed hairpin, which we called mixed-L8, has
the same stem as the original mixed hairpin ended with an octa-loop 5'-
GAAAAAAA-3'. In this section, the original mixed hairpin is denoted
as mixed-L4 to make the comparison with mixed-L8 explicit.

The increase in loop size raises the entropic barrier that the unfolded
ssDNA chain must overcome. As a result, the time scales of the unfold-
ing/folding transitions are not in experimentally accessible timescales.
Therefore, to investigate the kinetic rates of mixed-L8, we have carried

out pulling experiments and compared them with those for the mixed-
L4 original hairpin (Fig. and c).

To derive the unfolding and folding kinetic rates of mixed-L8, we have
proceeded as for protein barnase (Chap. E[) First, we have determined
the first unfolding and folding force distributions. Second, we have de-
rived the survival probabilities of N and U from the unfolding and fold-

ing force distributions, respectively. The resulting k_, and k. are shown

in Fig.
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Figure 7.11.: Force- and Temperature-dependent kinetic rates. (a) Un-
folding (solid symbols) and folding (empty symbols) ki-
netic rates of mixed-L4 hairpin (same results as the ones
shown in Fig. [7.3}bottom) (b) Unfolding (solid symbols)
and folding (empty symbols) kinetic rates of mixed-L8
hairpin.
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Interestingly, we have found that the refolding kinetic rates of mixed-
L8 are virtually unaffected by the temperature. Moreover, the kinetic
rates of mixed-L8 hairpin do not cross, in contrast with the mixed hair-
pin where k_, and k. cross around f.. This result suggests that the
folding process of mixed-L8 is mainly entropic. To determine the fold-
ing energy, entropy, and enthalpy of mixed-L8, we have used Eq. (7.7)
and the coexistence force derived using the Bell-Evans model.
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Figure 7.12.: Folding free energy per bp. Agy derived using the mixed-
L4 (red) and mixed-L8 (blue) hairpins. The red dashed line
correspond to the expected energy using the Ak’ and Asy'
values using the GC and AT hairpins.

Figure shows the derived folding free energy per bp using the
mixed-L4 and mixed-L8 hairpins. The solid lines in Fig. are linear
fits to the experimental values to derive the melting temperature of the
hairpins. The measured melting temperature for the mixed-L8 hairpin is
around 96°C. The red dashed line in Fig. correspond to the expected
energy using the values of Al and Asfj derived from the GC and AT
bps. To derive the heat capacity change per bp, we have investigated
the temperature-dependent entropy and enthalpy. In figure we
show the measured Asy (panel a) and Al (panel b) in symbols (red:
mixed ; blue: mixed-L8) together with the fits to Eqs. and (7.1a),
respectively. The measured total and per bp AS{’, AHj', and average
AC,, for both hairpins are summarized in Tab.
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Figure 7.13.: Entropy and enthalpy difference per bp. (a) Asy and (b)
Ahg derived using the mixed-L4 (red) and mixed-L8 (blue)

hairpins.
ASy AHy ACy
(cal/mol-K) (kcal/mol) (cal/mol-K)
mixed-L8 587 + 20 212+8 1400 £+ 120
mixed-L4 600 + 40 220+ 20 1540 + 140
mixed-L8 (per bp) 29+1 10.3+0.4 70+ 6
mixed-l4 (per bp) 30+2 11+1 77+7

Table 7.3.: Melting entropy, enthalpy and heat capacity change

We have compared our results with estimations based on the unified
oligonucleotide database, also known as Mfold server [127}/128], and pre-
vious experiments based on long DNA unziping experiments [116}[129]
(denoted as HU) to validate the values of AGp, ASj', and AH['. These
database assume that the DNA hybridization does not exhibit a signif-
icant heat capacity change, i.e., AS and AH are constant with T. Here,
we have demonstrated that this assumption is not true. Nevertheless, we
can see if the entropy and enthalpy differences between both hairpins
agrees with the that predicted by Mfold and HU. These databases state
that the difference in entropy and enthalpy between mixed and mixed-
L8 is around 11 cal/mol-K and 4 kcal /mol, respectively. Our differences
are 13 &2 cal/mol-K and 8 = 2 kcal/mol, the error-bars are the statistical
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error considering all the studied molecules. Therefore, what causes the

difference in the folding kinetic rates between the two hairpins?

Entropy and enthalpy of TS

To try to answer this question, we have derived the entropy and enthalpy
of the transition state relative to N (AST and AHT, with At =75 —N) and
U (AS* and AH*, with A* =TS —U). The procedure to derive ASt,
AHT, AS*, and AH* is analogous to the one used in Chap. l4| for pro-
tein barnase. The main difference is that the kinetic attempt k, of both
hairpins has been derived using the Continuous Effective Barrier Ap-
proach (CEBA) [130]. In this approach, the attempt rates k, are derived
by matching the experimental values of —logk_ (f) and the barriers

predicted using the nearest-neighbor base-pair energies [127)[128],

B Am(f)-8G,y )
%( 10%(2 > e (=% )) 78

m=0m'=0

In equation (7.8), the double sum runs over all hairpin configurations,
labeled by m and m’, and M being the total number of base pairs. In
Chap. [g] we provide more details of CEBA and investigate the mFEL of
different DNA hairpins exhibiting several intermediates states along the

folding pathway.

The values of k; for the mixed and mixed-L8 have been measured
by matching the experimental log(k_,) to the expected barrier using Eq.
(see Chap. |§|for more details). The measured values are 8 x 103 s~ !
and 5.6 x 10% s~! for the mixed and mixed-L8, respectively. Using these
values we have simultaneously fitted the measured kinetic rates at zero

force (K%, and k%) to the following equations,

AG?
k(L = kg exp <—kBiT) (793)

AG*
0 _ _
ki = koexp ( kBT) , (7.9b)
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imposing ASy = AST — AS* and AHy = AHT — AH*.
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Figure 7.14.: Entropy and enthalpy difference at the TS. AS and AH
relative to N (a) and U (b). Solid lines are fits to Egs.

and (7.1a).

The derived entropy and enthalpy differences at TS are shown in Fig.
Here, we want to see if we can see a noticeable difference in the
entropic barrier induced by the large loop of the mixed-L8 hairpin. Com-
paring the values of AS* (Fig. panels (b)) for the mixed-L4 and
mixed-L8 hairpins, we can see that the entropic barrier to fold for both

hairpins is approximately equal.

Finally, we have determined the heat capacity change between N and
TS (AC), = C}® — C)Y) and between U and TS (AC;, = CYl — CI¥) by
fitting the temperature behavior of the experimental values of AH', AH¥,
AS* and AS* to Egs. and (7.1b), respectively. Here, we define the

heat capacity change with this sign criteria to have positive values. The
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measured heat capacity change, and entropy and enthalpy at the melting
temperature are summarized in Tab. Interestingly, as for the case of
protein barnase, AH, > AHj, and AS}, > AS},.

AS}, AH}, ACH
(cal/mol-K)  (kcal/mol) (cal/mol-K)
mixed-L8 282+13 101+£5 204 +40
mixed-L4 256 £ 5 105+3 152 £ 26
AS;, AH;, AC
(cal/mol-K) (kcal/mol) (cal/mol-K)
mixed-L8 —311+38 —-105+9 1114 £135
mixed-L4 —364+24 —1274+15 14284180

Table 7.4.: Melting entropy, enthalpy and heat capacity change at the
transition state relative to N and U.

Moreover, Ac; < AC;‘, with AC;‘, ~ ACy, as seen for protein barnase.
These results suggest that the mechanisms governing the DNA folding
are similar to those in protein folding. In addition, from Fig. ,b,
we can see that AHT > AH* and AST >> AS* in all the explored tem-
perature range. We interpret this result in a way where the two single-
strands of the DNA hairpin are properly oriented and facing each other
but with the hydrogen bonds not yet formed at the transition state. In
the collapse from TS to N, we the hydrogen bonds forming the stem
of the hairpin are stabilized. From this perspective, the molecular free-
energy landscape governing DNA folding looks similar to the one for

protein barnase. The energetic, enthalpic and entropic contributions are

depicted in Fig.

7.3 CONCLUSIONS

In this chapter, we have used the calorimetric optical tweezers to mea-
sure the unfolding and folding kinetic rates of three different hairpins

(poly(GC), poly(AT), and mixed) from equilibrium hopping experiments.
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Figure 7.15.: Free-energy, enthalpy and entropy landscape. Illustrative
depiction the energetic, enthalpic, and entropic landscape.

The three investigated hairpins are specifically chosen to derive the fold-
ing energy, entropy, enthalpy, and heat capacity change of a GC and AT
base-pair (bp) and the average value per bp. Moreover, we have studied
the effect of the loop size in the folding energy, entropy, and enthalpy
difference by using two hairpins with the same stem ended with a tetra-

and an octa-loop (mixed and mixed-L8 hairpins).

First, we derived the folding energy AG, entropy AS, enthalpy AH,
and heat capacity AC, changes from the kinetic measurements carried
out in a wide temperature range, 5 — 50°C. We have used the well-known
Bell-Evans model (Egs. and (7.3b)) and the Detailed Balance Con-
dition (Eq. (7.4)) to derive the temperature-dependent AG. An analysis
based on the Clausius-Clapeyron equation (Eq. (7.7)) was used to extract
the temperature-dependent values of AS. In addition, using the thermo-
dynamic definition of Gibbs free-energy, we have determined AH as a
function of temperature. We have derived the thermodynamic potentials
for a GC and AT base pair assuming that that a 5'-GC-3” (5"-AT-3’) or a
5-CG-3’ (5"-TA-3") motif has the same energy. Then, to derive the energy
(Ag), entropy (As), and enthalpy (Ah) per GC bp, we have divided the
total AG, AS, and AH obtained from poly(GC) by the number of base
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pairs. To derive Ag, As, and Ah per AT bp, we have used the values
obtained from the poly(AT) hairpin and subtracted the contributions of
the first two GC bps. The rest has been divided by the total number of
AT bps. Finally, the values obtained from the mixed hairpin have been
divided by the total number of bps to measure the average Ag, As, and
Ah per bp. Remarkably, the expected averaged energy, enthalpy, and
entropy per bp obtained using the experimental values per GC and AT
bp derived from the poly(GC) and poly(AT) hairpins underestimate the
values derived from the mixed hairpin. We hypothesize that the differ-
ence in energy arises from the purine-purine stacking contributions of
the trinucleotide and tetranucleotide motifs present in the mixed hairpin.
The energy, entropy, and enthalpy per purine-purine stacking motifs are
AAG ~ 0.3kcal/mol, AAH ~ 0.3kcal/mol, and AAS ~ 0.6cal/mol-mol.
The contributions per purine stacking are calculated as the difference be-
tween the values measured for the mixed hairpin, and the total energy
using the Ag, Ah, and As values per GC and AT bp results divided by
the seven purine-purine stacking interactions (highlighted in Fig. [7.1).
Our results pave the way to study the nucleic acid stability beyond the
nearest-neighbor model by considering the purine-purine stacking inter-

actions overcoming the first neighbor.

Second, we have derived the heat capacity change AC, per GC, AT,
and mixed bp. According to previous results based on bulk assays, de-
pending on the sequence and length employed, AC, values range be-
tween 40 — 160 cal/mol-K per bp [122,/123]. Here, taking profit of the
single-molecule resolution, we have measured the AC, per bp with the
sufficient resolution to confirm that AC, for a GC or AT bp is different.
The measured ACp are 90 £ 11 cal/mol-K, 68 4= 8 cal/mol-K, and 77 7
cal/mol-K per GC, AT and mixed bp, respectively.

Third, we have extended our investigation to a modified mixed hair-
pin (in this last section, we name the original mixed hairpin as mixed-
L4), which we named mixed-L8, that has the same stem as the original
hairpin, but with doubled loop size. Unexpectedly, the folding kinetic

rates of mixed-L8 are temperature independent. To validate these results,
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we have compared our experimental results with the unified oligonu-
cleotide database, commonly known as the Mfold server. The measured
difference in enthalpy (~ 13 cal/mol-K) and entropy (~ 8 kcal/mol) be-
tween the mixed-L4 and the mixed-L8 hairpins follows the trend of the
predictions based on Mfold, 10.3 cal/mol-K and 3 kcal/mol, respectively.
The measured differences represent only ~ 2 % and ~ 4 % of the total
entropy and enthalpy change. Therefore, why the folding kinetic rates
of mixed-L8 do not change with temperature? To answer this question,
we have derived the entropic and enthalpic contributions of the kinetic
barrier mediating transitions between N and U. We have observed that
the entropic barrier of mixed-L8 is slightly higher than the one measured
for the mixed hairpin. Moreover, we have determined the heat capacity
at the transition state relative to N (AC;) and U (AC;). The measured
heat capacity changes, AHT, AH*, AST, and AS* follow the trend ob-
served using the protein barnase (Chap. , AC; < AC;;, AH* > AHT,
and AS* >> AS*'. This fact suggests that the proteins’ biological mech-
anisms governing the folding transitions are the same as those of DNA
molecules. ACj quantifies the change of degrees of freedom An upon
bending the loop to align the two ssDNA chains opposite each other. In
the subsequent collapse from TS to N [131], the hydrogen bonds that
stabilize the double helix are formed. AC;S quantifies the change on the

number degrees of freedom of this collapse.



DNA UNZIPPING EXPERIMENTS

MOTIVATION

DNA hybridization is still nowadays a hot topic in molecular biology
with many applications. The nearest-neighbor (NN) model for nucleic
acids predicts DNA thermodynamics using energy values for the dif-
ferent base-pair motifs. In the past, single-molecule techniques have
been used to derive the energy of the NN motifs varying salt conditions.
Here, we want to study the unzipping of long DNA hairpins to infer the
temperature-dependent folding energy of the NN motifs.

8.1 INTRODUCTION AND HISTORICAL CONTEXT

DNA hybridization is the process when two complementary ssDNA
chains meet each other, forming a dsDNA molecule. DNA mainly ap-
pears in vivo conditions with the well-known double-helix conformation,
primarily stabilized by the hydrogen bonds connecting the nucleotide
bases of the ssDNA chains. In in vivo conditions, DNA is in charge
of storing and transmitting genetic information for future generations.
Therefore, accurate knowledge of the melting or opening of DNA is crit-
ical to understand, e.g., the DNA replication [132]. The replication of

DNA molecules is widely used in industry, e.g., polymerase chain reac-
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tions (PCR) amplify DNA sequences for clinical purposes. In this tech-
nique, the temperature of the sample is repeatedly raised and lowered
to favor a DNA replication enzyme copy the target DNA sequence [133].
A possible approach to enhance the PCR cycles requires appropriately
adjust the temperature limits to improve the efficiency of the enzymatic
activity. Therefore, a precise prediction of the free energy formation and
the melting temperature is required.

The folding free energy of a DNA duplex is predicted by the nearest-
neighbor (NN) model for nucleic acids [134}[135]. Briefly, the NN model
defines the total energy as the addition of all energy contributions of
adjacent nearest-neighbor base-pairs stacks along the sequence. To de-
termine the folding energy of an arbitrary ssDNA sequence is necessary
to search for the minimum energetic level among all possible secondary
structures. Hence, it requires the implementation of an optimization
algorithm such as the one used in the oligonucleotide database, also
known as Mfold [127,[128]. This database uses the NN model to mini-
mize the energy of a given sequence of ssDNA to estimate its native or

minimum energetic state.

5 AR 315 AC |5 AG & 5'ﬁ3'
oI o |16 [T |, TA
5'&3' 5'&3' 5'&3' 5'ﬁ3'
3 G—T5' 3'ﬁ5' 3'i5' 3'%5'
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3'£5' 3'&5' 3'&5' 3'M5'

Figure 8.1.: The sixteen NN base-pairs. The twelve highlighted motifs
are symmetric with respect to the anti-diagonal (each color
correlates with its symmetric).

In the NN model, sixteen different motifs define all possible combi-

nations of first neighbors. The sixteen motives are summarized in Fig.
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and each motif has a different folding energy. However, as can be
seen in Fig. we have some symmetries between motifs concerning
the anti-diagonal (white boxes). These symmetries are highlighted with
different colors. So, the NN model is defined with only ten different
folding energies, i.e., the ten symmetric motifs plus the ones in the anti-
diagonal.

In the last years, single-molecule experiments (SMEs) carried out us-
ing optical tweezers have been used to derive the folding energy of the
ten different NN DNA motifs (the white and colored NN base-pairs in
Fig. at different ionic strengths [116,/129]. Here, we carry out un-
zipping experiments under different temperature conditions to derive
the temperature-dependent folding energy of the ten NN DNA motifs.
Moreover, we compare the measured folding energies with the previ-

ously shown tests using shorts hairpins with different GC content.

8.2 RESULTS

8.2.1 Force distance curves

To derive the folding energies, we have carried pulling experiments us-
ing a long DNA hairpin at different temperature conditions. A DNA
hairpin is a specific secondary structure where an ssDNA folds into
themselves, forming an individual hairpin, i.e.,, a dsDNA stem ended
with an ssDNA loop. In particular, we have used a DNA hairpin formed
by a 3594 base-pairs (bp) stem connected with a tetra-loop 5-ACTA-3".

The long DNA hairpin has been synthesized between two identical
29bp dsDNA handles to connect the hairpin and the dielectric beads
used to exert and measure the external force done by the optical trap.
In unzipping experiments, the two ends of the molecular construct are
moved up and down to unzip the DNA hairpin mechanically. In contrast
with short hairpins, where the unzipping of the bp forming the stem
occurs in a single force rip (see, e.g., Chap. , long hairpins exhibit
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a serrated pattern. Each force rip in the force-distance curves (FDCs)
corresponds to the unzipping of many bp. In figure[8.2} we show the av-
erage unzipping FDCs at different temperature conditions: 7, 13, 16, 19,
22,25, 30, 36, and 42°C. The average unzipping force is strongly affected

27
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f (pN)

500nm

Trap position A

Figure 8.2.: Measured FDCs at different temperatures. Blue and red
trajectories correspond to the limit temperatures, i.e., 7 and
42°C. The temperatures in-between are represented by the
colors between blue and red.

by the temperature. More force is required to break the hydrogen bonds
stabilizing the hairpin at low temperatures (blue trajectory) than high
temperatures (red trajectory). This fact agrees with the results measured

from hopping experiments using short DNA hairpins.

8.2.2  Elastic response

From the measured FDCs, we have derived the molecular extension of
the DNA hairpin as a function of force. At a given force, the trap position
A equals

A(f) = Ao +x,(f) + x5 (f) + xm(f) (8.1)

where A is the initial value relative to the center of the trap position

detector, xj, is the extension of the handles, x;(f) is the position of the
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bead relative to the center of the optical trap, and x,,(f) is the molecular

extension.

The contributions x;, and x; have been calculated following the method-

ology used to determine the molecular extension for short DNA hair-
pins [112],

5 () + ) = - ©2)

eff

where kg\} £ is the effective stiffness of the system bead plus handles plus
DNA molecule when the molecule is in its native state, i.e., all the bp
formed. kﬁ\} g has been calculated doing a linear fit at the beginning of
the FDCs before the first force rip.

0 05 10 15 20 25 3.0 35
molecular extension (um)

Figure 8.3.: Measured FECs at different temperatures. Blue and red
trajectories correspond to the limit temperatures, i.e., 7 and
42°C. The temperatures in-between are represented by the
colors between blue and red.

The measured force-molecular extension curves (FECs) are shown in
Fig. From the last part of the trajectories, i.e., when the molecule is
completely unzipped, we have derived the elastic properties of the long
ssDNA chain at different temperatures. To characterize the elasticity of
the ssDNA, we have used the Worm-Like Chain (WLC) model and its

interpolation formula,

_ kgT X -2 Xm
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where L) is the persistence length, d}, is the inter-phosphate distance,
N is the number of bases (N = 3594 - 2 4+ 4 when the hairpin is totally

unfolded), kg is the Boltzmann constant and T is the temperature. The
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Figure 8.4.: Elasticity of long ssDNA chains. (a) Persistence length and
(b) inter-phosphate distance as a function of temperature.

extracted temperature-dependent L, and d}, are shown in Fig. We
have derived these values by adjusting the last part of the FECs to Eq.
with L, and d} as fitting parameters. The reported L, and dj, for
long ssDNA chains exhibit the same temperature trend than the results
for short DNA hairpins shown in Chap. [6|

8.2.3 Unzipped base-pairs

The experiments have been carried out applying low pulling rates r
(r ~ 3 pN/s). With these conditions, the unzipping and rezipping tra-
jectories do not exhibit hysteresis, i.e., the system is stretched quasi re-

versibly. Therefore, the average unzipping trajectory can be treated as an



8.2 RESULTS

equilibrium unzipping curve. The equilibrium curve is estimated from

the partition function, Z, at a total molecular extension x;,,

Z= Zexp ( ;:T'n)> (8.4a)

0
feq = —kBTa— InZ(xy) . (8.4b)
Xm
In equation (8:4a), G(x, 1) is the free energy at a given molecular exten-
sion calculated over all possible intermediate state given n unfolded bp.
feq in Eq. corresponds to the expected force under equilibrium

conditions.

We have determined the number of unzipped DNA bp at a given
Xy using the elastic properties shown in Fig. In figure we
illustrate the methodology to determine the number of released bp at a
given x,, and f. In figure we show a single FEC measured at 25°C

| [122bp  [825bp  [1475bp
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Figure 8.5.: Unzipped base-pair determination. Dots correspond to a
single unzipping trajectory measured at 25°C. At the same
time, solid lines are fits to Eq. with L, and d}, fixed,
leaving N as a fitting parameter.

using green dots. As can be seen, the trajectory has different clouds
of points corresponding to the stretching of the released ssDNA. Each
point has been fitted to Eq. leaving N as a free parameter with L,
and d, fixed. We have recovered the distributions of released base pairs
by repeating this procedure for several molecules and trajectories at a

given temperature. The derived bp distributions are shown in Fig.
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Interestingly, the distributions of unzipped base pairs is not affected by

the temperature.
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Figure 8.6.: Unzipped base-pair distributions. Unzipped base pairs dis-
tributions at all studied temperatures.

8.2.4 Folding free energy

Next, we have adjusted Egs. and to derive the folding energy
of the ten different NN DNA motifs, Ag; (i =1, 2,..., 10). First, mention
that the energy G(x;;, 1) term has two contributions. On one side, we
have the energy cost to stretch the unzipped molecule at a given force f.
On the other hand, we have the stacking and hydrogen-bond energies
of the bases, which in the NN model considers the first neighbor, i.e.,

sixteen different energy contributions.
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To adjust Eq. (8:4D) to the average experimental FECs, we have min-
imized the difference between the experimental and theoretical curves
using a Monte Carlo based approach. The error E that needs to be mini-

mized is defined as,

1N
E(Ag1, .., Ag10) = Ef feq(Ag1, ... Aglo))2 (8.5)
j

where f is the experimental values of force, feq is the theoretical force,
and N is the total number of points per trajectory.

In Figure [8.7] the average experimental curves at 7 (blue), 25 (green),
and 42°C (red) are shown together with the theoretical curve that best
fits the experimental curves (solid lines).

24
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e
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Figure 8.7.: Equilibrium curves.  Experimental average unzipping
curves (dots) at 7 (blue), 25 (green), and 42°C (red). Solid
lines are the theoretical equilibrium curve that best fits the
experimental data.

The temperature-dependent folding free energy of the six symmetric
NN DNA motifs are shown in Fig. whereas the the energy of the
anti-diagonal NN motifs is shown in Fig.
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Figure 8.8.: Folding free energy. Experimental folding free energy (sym-
bols) for the six symmetric NN DNA motifs derived from
the FECs. The solid lines are the expected behavior from the
oligonucleotide database [127,|128], while the dashed lines
are the expected behavior using the data from [116,/129].

From figure we can see that the measured Ag has a strong tem-
perature dependence. According to the Gibbs free energy definition
(G = H —T§S), we have determined the entropy (As) and enthalpy (Ah)
difference for each motif in the assumption of zero heat capacity change
along melting. Besides, in Fig. @ we have represented the expected
folding energy per motif considering the entropy and enthalpy provided
by the oligonucleotide database Mfold [127},/128] (solid line). Moreover,
we have compared our temperature behavior with experiments carried
out using optical tweezers varying the ionic strength to obtain different
melting temperatures [116,[129]] (dashed lines). The derived entropy and
enthalpy per motif of DNA are shown in Tabs. and respectively.

Our experimental values agree with the tabulated ones in Mfold and

those derived from unzipping experiments varying the salt condition.
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Our data Mfold Ref [70] Ref [83]
As As As As
(cal/mol-K)  (cal/mol-K) (cal/mol-K) (cal/mol-K)

AA/TT 223+1.6 222422 20.28 21.20

AC/TG 209+1.2 224+24 14.46 18.80

AG/TC 19.7+26 21.0+2.1 12.89 16.40

CA/GT 185+2.8 227+27 24.48 24.20

CC/GG  223+19 9.9+2.0 22.30 22.00

GA/CT 21.7+1.6 222422 22.46 20.30

AT/TA 155+23 204 +2.2 11.62 20.40

TA/AT 15.7 +£3.2 21.3+2.1 25.06 15.30

GC/CG 273+15 244+24 25.96 25.00

CG/GC 295+21 272+27 24.43 24.30

Table 8.1.: Entropy per DNA motif

Our data Mfold Ref [70] Ref [83]

Ah Ah Ah Ah
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

AA/TT 80405 79408 7.28 7.60
AC/TG 7.6+04 8.4+0.8 5.80 7.10
AG/TC 7.34+0.8 7.84+0.8 5.21 6.20
CA/GT 7.3+0.8 85+0.8 8.96 9.00
CC/GG 85+£0.6 8.0£0.8 8.57 8.50
GA/CT 79405 8.2+0.8 8.16 7.60
AT/TA 58 +0.7 72407 4.63 7.10
TA/AT 57409 72407 8.31 5.45
GC/CG 10.6+04 9.8+£0.9 10.1 9.80
CG/GC 11.0+06 10.6 +1.0 9.66 9.60

Table 8.2.: Enthalpy per DNA motif
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In Figure[8.9) we show the obtained folding energies for the NN motifs
in the anti-diagonal of Fig. Notice that these motifs are the ones
present in the short DNA hairpins investigated in Chap. [} Therefore,
we can compare the results obtained from the unzipping experiments

and the results obtained from hopping experiments.
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Figure 8.9.: Folding free energy. Experimental folding free energy (sym-
bols) for the four anti-symmetric NN DNA motifs derived
from the FECs. The solid lines are the expected behav-
ior from the oligonucleotide database [127,/128], while the
dashed lines are the expected behavior using the data from
[116}/129].

At first sight, in Fig. we can see that the average energy per AT
bp (i.e., average value considering the AT and TA motifs) is lower than
the average energy per GC bp (i.e., mean value considering the GC and
CG motifs). These results agree with the fact that GC bps have three
hydrogen bonds, while an AT bp has only two. As the previous motifs,
we have adjusted the temperature behavior with a linear function to
derive the entropy and enthalpy difference (see Tabs. [8.1and [8.2).



8.2 RESULTS

Finally, we have compared the energy per GC and AT bp derived from
unzipping experiments with those derived from hopping experiments

using short DNA hairpins.

~@-GC bp -Unz ~5~GC bp -Hop
AT bp -Unz AT bp -Hop
: 3 B 1 T T T T i
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£ 2 @ i
= @
© D D
8]
= r .
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280 290 300 310 320
Temperature (K]

Figure 8.10.: Folding free energy per GC and AT bp. Comparison be-
tween the results derived from unzipping (solid symbols)
and hopping (empty symbols) experiments for a GC (green)
and AT (yellow) base pairs.

We have represented the energy per GC and AT base pair as a function
of temperature in Fig. Here, the solid symbols represent the values
derived from the unzipping experiments, whereas the empty symbols
correspond to those derived in Chap. |Z As can be seen, both results
agree pretty well. The enthalpy and entropy difference per GC and AT
bp are summarized in Tab.

Hopping Unzipping
Aho ASO Aho ASO
(kcal/mol) (cal/mol-K) | (kcal/mol) (cal/mol-K)
GC bp 12+1 31+5 11.1+0.6 30+2
AT bp 92+04 28+1 57407 16+2

Table 8.3.: Derived enthalpy and entropy per bp
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8.3 CONCLUSION

Here, we have extended the investigations begun in Chap. [7 by inves-
tigating the unzipping of a long DNA hairpin at different temperature
conditions keeping fixed the ionic strength. We remark that the ionic
strength has been kept fixed because previous unzipping experiments
have tuned the salt concentration to simulate different temperatures (the

melting temperature varies with the ionic strength).

We have carried out unzipping experiments at slow pulling rates (r ~
3 pN/s) to derive the folding free energy per bp considering the nearest-
neighbor (NN) model. In this model, the formation energy of a bp of
DNA is affected by the first neighbor. Therefore, we have sixteen com-
binations (see Fig. of bp motifs. Nevertheless, due to some symme-
tries, these sixteen folding energies have only ten different values. We
have derived the temperature-dependent folding free energy of such NN
bp motifs by adjusting the equilibrium force-extension curve (Eq. (8.4b))

to the experimental FECs using a Monte Carlo based algorithm.

The measured folding energies are shown in two different figures. On
the one hand, Fig. shows the energy of the symmetric NN bp mo-
tifs as a function of temperature. Notice that the temperature strongly
affects the measured folding free energy per motif, Ag. According to the
Gibbs free energy definition, we have derived the entropy and enthalpy
difference of such DNA motifs. The recorded values are tabulated in
Tabs. and Moreover, in these tables, we show the values used
in the oligonucleotide database (second column) and the values derived
from unzipping experiments varying the salt concentration (third and
fourth columns). We found a good agreement between our experimen-

tal values and the published in the literature [116}127-129].

On the other hand, the motifs without symmetry, i.e., GC/CG, CG/GC,
AT/TA, and TA/AT, are shown in Fig. As for the other motifs, we
have derived its enthalpy and entropy difference by adjusting their tem-
perature behavior with a linear trend (Tabs. [8.1/and [8.2).



8.3 CONCLUSION

Finally, we have compared the average temperature-dependent energy

per GC and AT bp derived from unzipping experiments with the results

obtained from hopping experiments using short DNA hairpins (Chap.
[7). The folding free energy per bp for the GC and AT bps is shown in Fig.

and the derived enthalpy and entropy differences are compared in
Tab.
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Part V

COLLABORATIONS






EXTENDED CONTINUOUS EFFECTIVE BARRIER
APPROACH

MOTIVATION

Some nucleic acids and proteins require intermediate or partially folded
configurations to perform their biological function. Therefore, a quanti-
tative characterization of the dynamical formation of intermediates is a
critical step towards the elucidation of many molecular processes. Ac-
cordingly, it is of high interest to develop accurate tools to investigate
the thermodynamic and kinetic properties of partially folded domains

occurring in proteins and nucleic acid hairpins.

9.1 INTRODUCTION AND HISTORICAL CONTEXT

Intermediate or partially folded configurations appear in many biologi-
cal processes. For example, RNA riboswitches are regulatory molecules
that induce or repress gene transcription depending on their conforma-
tion [136]; RNA thermometers act like lockers whose ribosomal binding
site becomes accessible only at high temperatures when they partially
unfold [137,/138]]; and proteins fold into the native structure by forming
intermediate folding units (foldons) [139}/140]. Single-molecule exper-
iments (SMEs) provide an ideal platform to experimentally investigate
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these intermediates since they allow to sample transient molecular states
with high temporal (~ ms) and spatial resolution (~ nm). In particu-
lar, atomic force microscopy [141,|142], magnetic [143}/144] and optical
tweezers [129)/145)/146], allow us to pull on individual molecules and to
monitor the unfolding and folding reactions from the recorded changes
in force or extension. The molecular extension is commonly adopted as

the reaction coordinate in these experiments [147,/148].

Kinetic folding studies are often performed in equilibrium conditions,
for instance, in hopping experiments [65)/71}[72}|74,/149}/150]. There, the
control parameter (in our case the trap position) is kept fixed as the
molecule executes thermally-driven transitions between different molec-
ular states. In such experiments, the unfolding and folding kinetics are
derived from the average lifetime of each state [24}113]. However, equi-
librium experiments are strongly limited by the height of the kinetic bar-
rier B mediating transitions between contiguous states along the molec-
ular free energy landscape (mFEL) (Fig. [9.1). A too high kinetic barrier

ka—U
VSR
15 N-U
<
| o
m
= s @
AG,,
4’ 1 1
N TS U

Figure 9.1.: Molecular free energy landscape. Illustrative free energy
landscape with two states, i.e., Native (N), and Unfolded (U)
separated by a Transition States TS placed at the top of the
kinetic barrier B.

(B > kpT, being kp the Boltzmann constant and T the temperature) pre-
vents molecular transitions over measurable timescales, leading to inef-

ficient sampling of the configurational space. Instead, non-equilibrium



9.1 INTRODUCTION AND HISTORICAL CONTEXT

experiments facilitate transitions over large kinetic barriers, providing

an alternative and efficient way to sample the mFEL.

Two widely used phenomenological approaches to extract equilibrium
information from pulling experiments are the Bell-Evans (BE) [85/86]
and the kinetic diffusive (KD) models. The BE model describes mechan-
ically induced folding/unfolding transitions as thermally activated pro-
cesses over a transition state energy barrier. The BE model assumes
that, for a fixed transition state position, the height of the kinetic barrier
decreases linearly with the applied force, B = By — fx* (being x* the dis-
tance from the folded to the transition state). This assumption is relaxed
in the KD model, which considers the folding reaction as a diffusive pro-
cess in a one-dimensional force-dependent mFEL. While the BE model
only considers the height and position of the transition state, the full de-
scription of the mFEL in the KD model requires the knowledge of all the
partially folded states. The advantage of the KD as compared to the BE
model is its higher predictive power. The same experimental data can
be readily employed to extract additional information about the mFEL

without the need to adopt the assumptions of the BE model.

9.1.1  CEBA: A brief remember

A systematic method to extract information about the mFEL from pulling
or hopping experiments in the context of the KD model is the Contin-
uous Effective Barrier Approach (CEBA). CEBA has been used to study
RNA hairpins [151], it has been later applied to extract the elastic prop-
erties of short RNA hairpins at different ionic conditions [152], the ther-
modynamic and kinetic properties of protein Barnase [87], and DNA

hairpins with different mechanical fragilities [130].

In CEBA, the force-dependent effective barrier between the native (N)
and the unfolded state (U), By (f), is derived by imposing detailed bal-
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ance between the unfolding (kn_;(f)) and folding (kn.y;(f)) kinetic

rates:
kn—u(f) = koexp (‘%?) (9.12)
kneu(f) = knou(f) exp (AG;’B—”T(”) : (9.1b)

In equations and (9.1b), ko is the attempt rate, and AGyy(f) is
the folding free energy at force f. AGyy(f) is defined as AGY,; —

f({(xu(f’) —xn(f"))df’, with AGY,, the folding free energy difference
between N and U at zero force, and — j({ xun)( f)df’ the free-energy
gain to stretch the molecule in state U(N) at force f. Commonly, the
elastic response of U and N are modeled using the Worm-Like Chain
and Freely-Jointed Chain models [111], respectively. In CEBA we take
advantage of the fact that Byy(f) appears in Egs. and to

conveniently rewrite them as,

7B7cu§~f) = logko — logkn—u(f) (9-2a)
B

BNU(f) = logkn — logk (f)+ AGNU(f) ( Zb)
kT g K0 8 AN«+U TkgT 9

Therefore, by assuming the continuity of By (f), the difference between
—logkn_u(f) and —logkncu(f) — (1/ksT) J§ (xu(f) — xn(f)df’
equals AGY;,;. This permits us to derive the folding free energy AGY; if
the elastic response (xy;(f) — xn(f)) is known.

Moreover, by comparing the experimental profile of Bny;(f) — logkg
with the theoretical prediction of the Byy;(f) obtained within the KD
model one can extract kg [130]. The theoretical prediction of By for

DNA hairpins is calculated as [153]:

Bnu(f) m (M)
T
kT =log Z Z ’ (9:3)

m=0m'=

where the double sum runs over all hairpin configurations, labeled by m
and m’, and M being the total number of base pairs (bp).
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9.1.2 Extended-CEBA for intermediate states

Here, we extend CEBA (eCEBA) to investigate intermediate kinetic states
from non-equilibrium experiments and derive the force dependence of
the effective kinetic barrier. At the end of this chapter, we also investi-
gate the temperature dependence of the kinetic barrier. For the first pur-
pose, we consider DNA hairpins with one, two, and three intermediates
pulled with optical tweezers as helpful models to experimentally inves-
tigate intermediate states. The existing knowledge about DNA thermo-
dynamics [127,/128] allows us to accurately predict the force-dependent
kinetic barriers of arbitrary DNA hairpin sequences, facilitating the com-
parison between theory and experiments. The chosen examples span a
wide range of situations often encountered in macro-molecular folding.
Finally, for the temperature dependence of the kinetic barrier, we have
considered two short (20bp) DNA hairpins. The first one folds in a
two-state manner. In contrast, the second presents an intermediate state

during the folding/unfolding process.

9.2 FORCE-DEPENDENT KINETIC BARRIERS

To investigate the mFEL of molecules involving intermediates we have
considered three DNA hairpins (sequences shown in Fig. [9.2). The first
hairpin, named HI1, has an inner-loop to induce a single intermediate
state during folding/unfolding. The second hairpin (HI2) consists of a
two-hairpin structure with a doubly degenerate intermediate state. The
last hairpin (HI3) is a three-way junction with three intermediate states:

the unfolding until the junction plus the opening of each of the two arms.

The mFEL for DNA hairpins with an intermediate state is depicted in
Fig. Each black dot denotes a state: native N, intermediate I the
unfolded U, separated by a kinetic barrier, By and By (see Fig. .

187



188

EXTENDED CONTINUOUS EFFECTIVE BARRIER APPROACH

v eomm G "
D.E J HI2 x /

Figure 9.2.: DNA sequences. Sequence of the studied DNA hairpins:
HI1 (left), HI2 (center), and HI3 (right).

Therefore, CEBA can be extended to include the intermediate state

and determine the force-dependent effective barriers By (f) and By (f)
from the kinetic rates by generalizing Eqs. (9.2a), (9-2b):

Bii(f)

_ if
keT logky —logki—;(f) (9-42)
Bij(f) ij AG;j
keT logk, —log kiej(f) + T (9-4b)

with i,j € {N,L, U}, ki; and k;,_; being the unfolding and folding
kinetic rates between i and j, and kg the attempt rate. AG;; equals AGg. -
fof(xj(f’) —x;(f")df’, where — fOf xi(f')df’ is the free-energy gain to
stretch state k up to force f, and AG% is the folding free energy difference
between states i and j at zero force.

By imposing continuity between the two expressions for B;;(f)/kpT —
logk] in Eqgs. and (9:4b), we derive the free-energy difference be-

tween states i and j at zero force AG%. Finally, we derive the attempt
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Figure 9.3.: Molecular free energy landscape. Illustrative free energy
landscape with three states, i.e., Native (N), Intermediate (I),
and Unfolded (U) separated by two kinetic barriers By and
By, respectively.

rates kg by matching the experimental results for B;;(f) with the theoret-

ical Kramers prediction, calculated as [153]:

BN ( (Acm(f)k—Acm,(f))
T
kT = log Z E ’ (9-50)

m=0m'=

m AGm (f)=AG, / (f)
BIU(f) — log ( %I: Z g( kgT )) (9.5b)

kpT m=M;+1m'=M;+1

where the double sum runs over all hairpin configurations, labeled by
m and m’, being M the number of unzipped base-pairs (bp) at I and M
the total number of bp.

9.2.1  HI1 hairpin

First, we have investigated HI1. The theoretical prediction of the mFEL
based on the nearest neighbor model [127}/128] calculated at 15pN is
shown in Fig. together with the expected unfolding/folding path-

ways.
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Figure 9.4.: Molecular free energy landscape of HI1. mFEL derived us-
ing the energy per DNA motif based on the nearest neighbor
model [127,[128] at 15pN.

Partial folding and unfolding between states N, I, and U can be ob-
served as sudden drops and rises of force, respectively, in hopping (equi-
librium) and pulling (non-equilibrium) experiments (Fig. [9.5). In hop-
ping experiments, the molecule is held at different fixed trap positions
(distance) where each observed force level corresponds to a different
state (Fig. ). In pulling experiments, the optical trap is moved back
and forth at constant speed to mechanically unfold and fold the hair-
pin. The different force branches observed in the force-distance curves

(FDCs) arise from the elastic response of the hairpin in each state (Fig.
fo.5b).

In equilibrium hopping experiments, the kinetic rate k;_,; (k;,;) equals
the inverse of the average lifetime of the state i () before jumping to state
j (i). The force-dependent rates kn_,1, k111, kn—1, and kj. i are shown
as empty symbols in Fig. In non-equilibrium pulling experiments,
we determine them from the survival probabilities of each state along
the unfolding and folding FDCs.

Here, we provide the mathematical details to determine the survival
probability of N, I, and U from pulling experiments. This methodol-
ogy is general and will be used in the other hairpins. Firstly, we define

a threshold force, fi;,, and measure the first rupture/formation event
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Unfolding |

0 30 60 0 1 2 : _Folding
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Figure 9.5.: Hopping and pulling experiments for HI1. (a) Left: force
versus time recorded in hopping experiments. Right: his-
togram of the force signal showing the three states (N, I,
and U). (b) Unfolding (red) and folding (blue) FDCs. The
black solid, dotted and dashed lines correspond to the N-, I-,
and U-force branches.

taking place at a force above (below) f;, for each unfolding (folding) tra-
jectory. Subsequently, we classify the force events as: ', and fi_, where
i = N, I or U indicates the molecular state at f;; and the arrow indicates
the direction of the FDCs: unfolding (—) or folding (<—). For the survival
probabilities of the different states, I, and f/ comprise both rupture
and formation events indistinguishably, while fN and fN only contain
rupture events and fY and fY only contain formation events. From the
fi, and fL, we calculate the force-dependent survival probabilities con-
ditioned to fy, along unfolding (PN (|fy), PL(f[fu), P4(f|f)) and
folding (PX(f|fu), PL(f1fin), PEL(f|fm)):

P(flf) =1 - Mo =S < f) (960
PL(flf) =1 0> fe > f) (9.60)

In equation (Eq. (@6B)), n(fu < fi < f) (n(fi, > fi > f)) de-
notes the number of events during unfolding (folding) leaving state i for

the first time between fy, and f, n', (nl ) is the total number of events
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leaving state i above (below) f;;,. Both quantities are calculated consid-
ering the whole set of trajectories. Hence, by repeating this analysis for
different values of fy,, we reconstruct PL, (f|fy,) and P (f|fy,) for differ-
ent force ranges. The survival probabilities satisfy the following master

equations:
N
apP g?fth) _ _kNj,I(f) PN(f‘fth) (9.7a)
I
P (aj;\fth) __knea(f) Jrrk1_>u(f) P (flfm) (9.7b)
u
oP gjfth) _ _kR_;L’I(f) PY(f|fin) - (9.70)

with boundary conditions PNAU (£ |fy,) = 1. In equations (9.7a), (9-7b),
and (9.79), kn—1(f), kn—1(f) and ky.;(f) are the kinetic rates connect-
ing the molecular states, and f increases/decreases linearly with time at

a constant loading rate r = |df /dt|.

For a Markovian system Egs. (9.6alj9.7c) give estimates of kny—y, ki=y
that are independent of f;;,. Notably by merging results obtained at

different f;;, we enlarge the statistics improving estimates of the kinetic

rates.

Therefore, once the survival probabilities are experimentally calcu-
lated it is straightforward to determine ky_,(f), the sum ky;(f) +
ki—u(f), and kp.;(f). To decouple kn;(f) from k;_,1;(f) we use the

following relation:

kisu(f) _ osulf) —  ¢rsu(f)
knet(f)  ¢ner(f) 1= ¢rul(f)

where ¢;,y(f) and ¢n(f) are the fraction of transitions leaving I

(9.8)

towards U and I towards N, respectively, at force f. Then ¢;_(f) +
¢Ne1(f) = 1. These fractions are experimentally measured on a force
window df = 0.1pN.

For the particular case of HI1, we have found a good agreement be-

tween kinetic rates recovered from equilibrium (empty symbols) and
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Figure 9.6.: Unfolding/folding kinetic rates of HIl. ky_,; (yellow),
ko1 (purple), ki (green), and kj.y (red) measured
from hopping (empty symbols) and pulling (solid symbols)
experiments.

pulling experiments (solid symbols, Fig. [9.6). Notably, the force range
where transitions are observed in equilibrium (highlighted in light yel-
low) is narrower compared to that from pulling experiments. This shows
that non-equilibrium experiments provide a wider force range to inves-

tigate kinetic rates.

The resulting barriers measured using Eqs. and (9.4b) are shown
in Fig. (solid symbol: pulling; empty symbol: hopping). In addition,
in Fig. we show the theoretical prediction of By (solid black line)
and By (black dashed line). Notice that log(k—, ), log(k«), Bys and By
are well approximated with a linear trend in the explored force range,
validating the assumptions of the BE model, i.e., constant xf (linearity of
log(k—,) and log(k.)) and a linear relation between the barrier and the
applied force (linearity of By and Byy). The measured xt considering
the BE model equals 6.8 & 0.2nm. and 6.9 + 0.3nm for the N — I and
I — U transitions, respectively. The extracted values for AGO and kij
are: kN1(5+1) x 107 s™1, AGY; = 30+2 kgT, ki = (7+1) >< 10° s 4
and AGY; = 27 +3 kgT. These results are compared with theoretical
predictions in Tab.
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Figure 9.7.: Effective kinetic barrier of HI1. By (black solid line de-
rived using Eq. (9.5a)) derived from the ky_,; (yellow) and
kn«<1 (purple) measured from hopping (empty symbols) and
pulling (solid symbols) experiments. By;; (black dashed line
derived using Eq. (9.5b)) derived from the k;_,i; (green) and
ki y (red) measured from hopping (empty symbols) and
pulling (solid symbols) experiments.

9.2.2  HI2 hairpin

Second, we have investigated the HI2 hairpin, which contains two iden-
tical DNA hairpins serially connected and separated by a short (29bp)
dsDNA segment (Fig. . The native state (N) of the hairpin is de-
fined when both hairpins are folded. Hence, N can unfold via two
different pathways, each characterized by an intermediate correspond-
ing to the unfolding of one of the two hairpins (Fig. . However, as
both hairpins are identical, they cannot be experimentally distinguished.
Therefore, we define a global intermediate I comprising the two inter-

mediates.

The theoretical mFEL for HI2 hairpin considers several configurations
compatible with a given number of m unfolded base pairs. Note the total
number of open base pairs can distribute between the two hairpins. That
is, if m; and my are the number of open base pairs in each of the two

hairpins, compatible configurations satisfy mj 4 mp = m. The mFEL for
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Figure 9.8.: Molecular free energy landscape of HI2. mFEL derived us-
ing the energy per DNA motif based on the nearest neighbor
model [127,[128] at 15pN.

HI2 equals the Boltzmann average taken over all possible configurations

at a given m:

m (1) )
AGn AGLE AGY,,
o = —log {WZ_O [exp (— kol ) +exp ( kT - (9.9)

The mFEL measured at 15 pN reveals a single intermediate at m = 20

in the mFEL (Fig. [9.8), which mainly corresponds to the case where one
hairpin is folded, and the other is unfolded.

18
=16
o
12" -="" " 200m  Unfolding
Trap position

Figure 9.9.: Pulling experiments using HI2. Unfolding (red) and fold-
ing (blue) FDCs highlighting the N (solid black line), I (dot-
ted black line), and U (dashed black line) force branches.

In Figure we show a few unfolding (red) and folding (blue) FDCs.
Like HI1, there are three force branches for states N, I, and U. We
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derived the kinetic rates following the methodology explained for the
previous hairpin, HI1. The resulting force-dependent kinetic rates are
shown in Fig. [9.10h. Notice that log(k ) and log (k) are approximately
linear in the explored force range, i.e., the BE model could be used to
derive the x* values. The measured x' for the N — I and I — U

transitions are 10.2 & 0.5nm and 12.6 & 0.5nm, respectively. The effective
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“T__lmﬂ fff m_ .
X’|O1. T TT z 6-BN\_ ~~~~~

[ = b
,2' , | , , ,
10 12 12 14 16 18

f[pN] f (pN]

Figure 9.10.: Results for HI2. (a) Derived unfolding and folding kinetic
rates and (b) effective kinetic barriers of HI2.

barriers By and By mediating transitions between the three states are
shown in Fig. [9.10b. Notice that although the kinetic rates exhibit a
linear trend in the log-normal plot, the derived barrier shows a curvature
in the explored range The position of the TS can be determined from the
kinetic barrier as x* = —9B/9df. The measured TS distances close to the
coexistence force fo where k_,(f;) = k(fc) are 9.0 £ 0.4nm and 8.5 +
0.3nm for the N — I and I — U transitions, respectively. By comparing
these values with the ones derived from the BE model, we see that the
BE model overestimates x*. Moreover, although both hairpins have the
same sequence, the barrier that mediates transitions between N and [ is
different from that between I and U. We have used CEBA to determine
the folding free energies and kinetic attempt rates: k)'[(5+1) x 10° 57!
AGY; = 54£2kpT, k! = (2£1) x 10° s~! and AG; = 51+ 1 kpT.
Finally, the results of AG% and kg are compared with the theoretical
predictions in Tab. [9.1] (middle).
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9.2.3 HI3 hairpin

We have studied a DNA three-way junction (HI3) with three different
intermediates (Fig. The first intermediate state, which we denote
as I, corresponds to the opening of the first 20bp. Subsequently, as it
was the case for molecule HI2, HI3 can take two different pathways to
unfold from I: Iy = I — U or [; = Iz — U depending on which arm
is opened. Nevertheless, we cannot distinguish between I, and I3 from
the FDCs (Fig. Therefore, we studied the unfolding and folding

Y kNaH %‘g k\p|z3 %\ k|z3au i‘z
kN«—H

k\1«—|23 k\23t—U

b1

2 |

8t N Iz/\U
é' BNH /ﬁo‘/ B\ 3U

4

0 10 20 30 40 50 60
base-pairs, m

Figure g9.11.: Molecular free energy landscape of HI3. mFEL derived at
15pN.

pathway as N < I} < Iz & U. Here, I3 comprises I and I3 where
one of the arms is opened. Again, to compute the theoretical mFEL, we
assume that several configurations are compatible with a given m after Iy
is fully unfolded (see Eq. @)). Like for HI2, the m unzipped base pairs
distribute between the two arms of the HI3 hairpin. The prediction of
the mFEL at 15 pN is shown in Fig[g.11]and reveals the two intermediate
I and I3 states and the barriers Byy,, By, 1,,, and By, .

In Figure we show a few unfolding (red) and folding (blue) FDCs
for HI3. For this hairpin, there are four force branches for states N, Iy,
Ip3, and U. In Figure[9.12} the force branch associated to N is represented
by the solid black line, the force branch associated to I; is represented by
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6 s _50m _ Unfolding
Trap position

Figure 9.12.: Pulling experiments for HI3. Unfolding (red) and folding
(blue) FDCs highlighting the N (solid black line), I; (dotted-
dashed black line), I3 (dotted line), and U (dashed black
line) force branches.

the dotted-dashed line, the force branch associated to I3 corresponds to
the dotted line, and the dashed line corresponds to the elastic response
of the system when the hairpin is in U. These lines are used to determine
the first unfolding/folding event along the FDCs necessary to determine
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Figure 9.13.: Results of HI3. (a) Derived unfolding and folding kinetic
rates and (b) effective kinetic barriers for HI3.

the unfolding and folding kinetic rates. The kinetic rates have been
derived following the methodology explained for at section[9.2.1}

In Figure [9.13h, we show the six kinetic rates that describe the unfold-
ing and folding pathway of HI3. Notice that while the unfolding rates
are linear in a log-normal plot, the folding rates show a subtle concavity,

meaning that the BE model would overestimate these rates at low forces.
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The derived xt using the BE model equals 10.4 £ 0.4nm, 7.2 £ 0.9nm,
and 5.5 + 0.4nm for the N — I, Iy — I3, and I,3 — U transitions, re-
spectively. From these kinetic rates, we have derived the effective barrier
to determine the folding free energy and attempt rates between N and
I, between [; and I3, and between I3 and U (Tab. (bottom)).

In Figure , we show the barriers By, (f), B, (f), and Bp,,i1(f)
obtained from the experimental data together with the Kramers theoret-

ical predictions. According to the Kramers solution (lines in Fig. [9.13b),
the kinetic barriers are approximately linear in force. This result is veri-
fied by the unfolding kinetic rates that are well fitted with the BE model
and the experimentally derived kinetic barrier from the folding kinetic
rates. The TS distance measured from Fig. (xt = —9B/9d f) are
14.0 £ 0.2nm, 8.9 + 0.2nm, and 7.6 + 0.2nm for the N — [}, [; — I3,
and I3 — U transitions, respectively. By comparing these values with
the ones derived from the BE model, we can see that the BE model un-
derestimate these molecular distances. Finally, we emphasize that the
barrier mediating transitions between I3 and U is similar to those be-
tween I; and Ip3. The folding energy and kinetic attempt that match
Egs. and (94B) are k)" = (641) x 10° 51, AGY, =57 £ 4 kpT,
ki = (24£1) x 109571, AGp, 1, = 38 £3 kpT, kY = (9+2) x 105571,
and AGp,y = 39 +2 kgT.

In Table [9.1| are summarized the kinetic attempts and free-energy dif-
ferences of the three studied hairpins.

9.3 TEMPERATURE-DEPENDENT KINETIC BARRIERS

In the second part of this chapter, we have investigated the temperature
dependence of the effective barrier mediating transitions using two short
(20bp) DNA hairpin (see sequences in Fig. top). First, we have
used a DNA hairpin, H2s, that folds and unfolds in a two-state manner.
Second, we have employed a DNA hairpin that folds and unfolds via a

short lifetime intermediate state. We have named this hairpin as H3s.
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Kl (571 AGY; (kyT)
ij Exp. Prediction
N, I (5+1)x107 30+2 30+1
LU (7+£1)x10° 2743  28+1
Hi N, I (5+£1)x107 31+3  30+1
LU (6+1)x10° 2844  28+1
N, I (5+1)x10° 54+2 5242
Hiz Lu (2+1)x10° 514+1 5542
N, I, (6+1)x10° 574+4 5242
HI3 I, I3 (2+1)x10° 384+3 4142
Ly, U (942)x10° 3942  40+2

Table g.1.: Folding free energies and kinetic attempt rates for the three
studied hairpins. The results of molecule HI1 in top (bottom)
rows correspond to pulling (hopping) experiments.

9.3.1 Unfolding and folding kinetic rates

We have carried out equilibrium hopping experiments at different tem-
pearatures in the range 6 — 46°C to measure kinetic rates between the
different states (Fig. [9.14}bottom). As previously explained in section
the force-dependent unfolding and folding kinetic rates are mea-
sured from the average residence time of each state determined from the
force-time traces measured at different trap positions,

1

kisj= )

Tissj) (910

where k;_,; is the kinetic rate to go from state i to state j, and (7;;) is

the lifetime at state i conditioned to jumping to state j. The derived un-

folding, kHj, and folding, kiej, kinetic rates of H2s and H3s are shown

in Fig.



9.3 TEMPERATURE-DEPENDENT KINETIC BARRIERS
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Figure 9.14.: Hopping experiments with short DNA hairpins. Top: Se-
quence of the two short DNa hairpins. Bottom: Force-time
trace measured at 25°C for the H2 and H3s hairpins. The
H2s hairpin folds as a two-state manner, while the H3s hair-
pin folds and unfolds via a short lifetime intermediate state.

The unfolding ky_,1; and folding ky. 17 kinetic rates of H2s are shown
in Fig. [0.15p. Notice that these rates are the same ones presented in
Chap. [7} As we have seen before, these rates are well adjusted with the
BE model in the explored temperature range. The unfolding rates kx_,1
and ky_,; and folding rates ky. 1 and kr, 7 of H3s at 7, 25 and 45°C are
shown in Fig. [9.15p. The transitions N < I are represented by the dark
colors, while the transitions I = U are shown with light colors. At first
sight, we see that the coexistence force between N and U is higher than
the one between [ and U. Here, the coexistence force is determined as

the force where k;_,; equals k;,_;.

To determine the kinetic barriers mediating the transitions of H2s
and H3s, we have used eCEBA in Egs. (9.2a) and for H2s, and
Egs. and (9.4b) for H3s. The obtained force- and temperature-
dependent kinetic barriers are shown in Fig. In both cases, the
kinetic barriers become more flat as we increase the temperature, keep-

ing the linearity in the explored force range. This result suggests that
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Figure 9.15.: Unfolding and folding kinetic rates. (a) Unfolding (solid
symbols) and folding (empty symbols) kinetic rates of H2s
hairpin measured at 6, 8, 17, 25, 32, 41 and 46°C. Dark blue
(red) color symbols correspond to 6°C (46°C). The temper-
ature in-between are plotted following a degradation from
blue to red. (b) Unfolding and folding kinetic rates (see leg-
end to differentiate transitions from N or U) measured at 7
(blue), 25 (green), and 45°C (red).

the transition state position in the BE model, is approximately constant
with force and different at each temperature. Moreover, the barrier By
is higher than Byy; for H3s (Fig. [9.16p).

Moreover, in Fig. we present the derived effective barriers to-
gether with the theoretical barriers based on the Kramers solution (solid
lines). Mention that the agreement between the Kramers prediction and
the experimental results is good in the explored temperature and force

ranges.

We show the derived folding free energy AGY;,; for the H2s and H3s
hairpins in Fig. . According to the Gibbs energy definition, G =
H — TS where H and S are the enthalpy and entropy, the folding free en-
ergy is well adjusted by a linear trend in the assumption of zero or neg-
ligible heat capacity change across unfolding/folding. The measured

enthalpy and entropy differences are: AHY; = 143 & 3 kcal/mol and
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By (ksT) By [keT) =

f (pN)

Figure 9.16.: Temperature dependence of kinetic barriers. (a) Hairpin
H2s between N and U. (b) Hairpin H3s (top: N — I, bottom:
I — U). In both panels, dark blue (red) color symbols corre-
spond to 6 — 7°C (46 — 45°C). The temperatures in-between
are plotted following a degradation from blue to red (8, 17,
25, 32, 45). The solid lines are the theoretical barriers based
on the Kramers solution.

AS(I)\]U = 368 + 15 cal/mol-K for H2s and AH?\,U = 149 + 9 kcal/mol
and ASY;;; = 388+ 30 cal/molK for H3s. The values of entropy and
enthalpy for both hairpins agree with the estimations based on the near-
est neighbor model (Tab. [9.2). Finally, in Fig. [9.17b, we show
the free energies differences of H3s, AG?\” and AG?U, as a function of
temperature. As before, we have adjusted the experimental value to a
linear function to derive the entropy and enthalpy differences between
N and I, and between I and U. The measured entropy and enthalpy are
summarized in Tab. [g.2]

9.4 CONCLUSIONS

Here, we have extended CEBA in two directions: First, we have inves-
tigated the folding/unfolding transitions involving intermediates states.

Second, we have studied the temperature dependence of the kinetic bar-
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Figure 9.17.: Temperature-dependent folding free energy. (a) Folding
free energy AGY,, of H2s (black circles) and H3s (gray
squares). (b) Partial folding free energy AG?\H (dark gray
squares) and AG?U (light gray circles) of H3s. Solid and
dashed lines in panels (a) and (b) are linear fits to the ex-
perimental values.

rier. For the first purpose, we considered three DNA hairpins (HI1, HI2,
and HI3) with three different kinds of intermediates. These are a hair-
pin with an inner-loop and a single intermediate (HI1); a two-hairpin
structure with a doubly degenerate intermediate (HI2); and a three-way

junction with three intermediates (HI3).

To derive the force-dependent unfolding k_, and folding k. kinetic
rates of HI1, HI2, and HI3, we have carried out non-equilibrium pulling
experiments. To do so, we have introduced a methodology to extract
the survival probability of each state, i.e., native N, intermediate I, and
unfolded U for arbitrary molecules. Here, we have demonstrated that
eCEBA is most convenient approach to investigate molecules involving
intermediates and high kinetic barriers where hopping experiments are
unfeasible. We have shown that pulling experiments allow us to extract
k_ and k. in a broader force range, facilitating the observation of rare

transitions.

We have compared the experimentally measured kinetic barriers with
the Kramers predictions based on the nearest-neighbor model to validate

the methodology. The derived folding free energies of each molecule are
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Ang (kcal/mol) AS? ; (cal/mol-K)

ij Exp. Prediction Exp. Prediction

H2s N,U 143+£3 156+15 368+15 419+42
N, U 149+9 161+16 388+30 427+43
H3s N,I 82&£5 84+£8 220£15 223+£22
Lu 68+4 77 £8 167+14  204+20

Table 9.2.: Enthalpy and entropy differences derived using CEBA.

compared with the theoretical prediction and summarized in Tab.
Additionally, the good agreement observed between the experimentally
determined force-dependent kinetic barriers and those predicted by the
KD model allowed us to estimate values for the attempt rates for native,
intermediate and unfolded states. These values are essential for molec-
ular dynamic simulations, where timescales need to be appropriately

set.

Second, we have investigated the temperature dependence of the ki-
netic barriers of hairpins H2s and H3s. Both hairpins are formed by 20bp
with 10 and 11 GC bp, respectively. As both are short hairpins, we have
carried out hopping experiments to derive their folding and unfolding
kinetic rates. On the one hand, H2s is a two-state folder, i.e., it has one
barrier mediating transitions between N and U. On the other hand, H3s
has an intermediate state of short lifetime mediating transitions between
N and U. Therefore, H3s has two unfolding (ky_; and kj_,;;) and fold-
ing (kn.1 and ky,. ;) kinetic rates. Using eCEBA, we have derived the
partial folding free energies AGY; and AGY;; of H3s, and the folding free
energy AGY,; of H2s and H3s.

Assuming a linear temperature dependence of AG?]- (AG?]- = AH?]. —
TAS%), we have derived the folding entropy and enthalpy difference
between states i and j at the melting temperature Ty, (T, = AH%/ AS%).
Notice that in this analysis we assume temperature independent values

for AHIQ]. and AS%. In other words, we are imposing AC;,] = 0. We have
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compared the experimental values of AH,O]. and AS% with the predictions
based on the nearest-neighbour nucleic acids database [127,/128|] and
previous experiments carried out using unzipping experiments varying
the melting temperature [116}/129]. We find good agreement (Tab.
with our results and the predictions based on the reported values.

To determine the temperature-dependent entropy and enthalpy is nec-
essary to determine first the attempt rate k,. Here, we have derived
the value of k; by matching the experimental values of log(k—,) with
the theoretically predicted kinetic barrier based on the Kramers solu-
tion using the energy values of the nearest-neighbour model from the
existing databases [116,127H129]. Energy parameters in these databases
assume that the enthalpy and entropy are constant with the tempera-
ture, i.e.,, AC, = 0. Therefore, to fit the experimental kinetic rates, all
temperature dependence goes into k;, which is not realistic. In fact, the
temperature dependent kinetic rates can be used to determine AC, by
using a temperature-independent attempt rate. This analysis is left for

the future.



NETROPSIN BINDING STUDY

MOTIVATION

Single-molecule techniques are powerful tools to investigate the thermo-
dynamics of intra and inter molecular interactions. Here, we want to go
a step further, implementing a new approach to investigate drugs that

specifically and non-specifically bind to dSDNA molecules.

10.1 INTRODUCTION AND HISTORICAL CONTEXT

Molecular binding to DNA is crucial in chemical therapies [154)155]
and many biological processes, e.g., DNA polymerases in DNA replica-
tion and repair. The most usual binding interactions are intercalation
and major/minor groove binding. Intercalators are the most common
small aromatic molecules that link to DNA, modifying the double-helix
structure [156}[157]. On the other hand, major/minor groove binders are
positively charged molecules that attach to DNA by hydrogen bridges,
electrostatic or Van der Walls bonds in AT-rich DNA’s regions [154}/158].
These interactions with DNA have been widely studied by bulk tech-
niques, e.g., DNA footprinting [159}/160], NMR spectroscopy [161}[162],
and X-ray cristallography [155}/163]. However, since the invention of

single-molecule techniques, new approaches have emerged.
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Nowadays, single-molecule experiments (SMEs) are used to charac-
terize binding interactions by mechanically unzipping molecules with
proteins or intercalators attached [110)[157]. In particular, in [110], an
extension of the Crooks-fluctuation theorem to derive binding energies
was presented. In this method, unfolding trajectories are classified into
native unbound, native bound and unfolded. For ligands that weakly
bind to DNA, it is difficult to discriminate between native bound and
unbound trajectories, making difficult the applicability of the fluctua-
tion theorem. On the other hand, it is possible to get information of
binding energies from equilibrium hopping experiments as it is shown
in [164]]. In these kinds of experiments, binding events are monitored in
the folding/unfolding time scales. Therefore, many molecules that link
DNA cannot be studied using hopping experiments due to their high
binding rates (k°"* and Kkoffy.

/

0 | N
- H‘N}N\LHH/“@V‘)
: T}( " H/N\\\<NH2

H,N C+
NH,

Figure 10.1.: Molecular structure of netropsin.

Here, we investigate the binding interaction of the minor groove binder
netropsin from non-equilibrium pulling experiments using DNA hair-
pins. Netropsin (see Fig. is a small drug with antiviral, antitu-
mor, and antibiotic properties which is highly toxic for clinical uses.
Netropsin binds to dsDNA, interfering with its replication and transcrip-
tion, but it does not bind to ssDNA [158}/165}|166]. Bulk studies based
on NMR, X-ray crystallography, circular dichronism, and calorimetric
assays pointed out that the binding of netropsin to the minor groove
of DNA is directed by the formation of hydrogen bonds and Van der

Waals interactions along AT domains. However, some studies claim that
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netropsin binds dsDNA with a preference for the tetranucleotide motif
5-AATT-3’ [165}/166]. Moreover, the reported binding rates of netropsin,
k°" and k°/f, are in the order of 107 s M~ and 1072 s~ I, respec-
tively [167H169]. Therefore, netropsin is an excellent candidate to study
binding to DNA via two modes: the specific (5-AATT-3") and the non-
specific (AT-rich domain) binding modes.

To study the two binding modes, we have used three different short
(10 — 20bp) DNA hairpins (sequences in Fig. [10.2). The first hairpin,
Hns, has been synthesized with an AT-rich zone in the middle of the
stem. The second hairpin, Hs, contains a 5'-AATT-3” motif in the middle
of the stem. The last studied hairpin, poly(GC), contains only GC base
pairs in the stem. These sequences are specifically chosen to discriminate
non specific binding of netropsin to an AT-rich domain in Hns, specific

binding to the AATT motif in Hs, and no binding in GC-rich regions.

poly (GC)  Hns

.§ %D .O OD

A,
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@
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COeenmIDN@EeIEemO

o 3,

Figure 10.2.: Sequences of the short DNA hairpins. The poly(GC) hair-
pin only contains GC bp in the stem. The stem of hairpins
Hns and Hs are identical except by the specific 5-AATT-3’
motif (framed bps).
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10.2 RESULTS
10.2.1  Short hairpins

We have carried out pulling experiments at different netropsin concen-
trations (from 0 to 10nM) using short (less than 50bp) DNA hairpins to
derive the binding and unbinding kinetic rates k°* and koff of netropsin.
In such experiments, the central channel of the microfluidic chamber is
filled with a buffer solution containing the desired netropsin concentra-

tion.

a) Hns bl Hs <) polylGC)

on Bns off k
ans of kB N kB Bhs—U
kB ns

@ kN—»u ::::j ®_kN_»U > @

kNFU or\off kNHU
kB s—U

Figure 10.3.: Unfolding/folding pathways. Pathways in the presence of
netropsin for Hns (a), Hs (b), and poly(GC) (c). N =native;
U =unfolded; B;s = non-specifically bound; Bs = specifi-
cally bound.

In the presence of netropsin, Hns can unfold from the native state, N,
or from a non-specific bound state, By (Fig. ); Hs can unfold from
N or from two bound states: the non-specifically bound state, By, or
the specifically bound (to the AATT motif) state, B; (Fig. ); in the
absence of binding, the poly(GC) sequence is expected to unfold from N
with or without netropsin (Fig. ) In pulling experiments, hairpins
are mechanically pulled from an initial low force value (typically 3 —
5pN), where the hairpins are folded, to a maximum force (typically ~
25pN) where the hairpins are unfolded (U) (see Fig. . From the
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unfolding Force-Distance Curves (FDCs) (dark color curves in Fig. ,
the unfolding events are recorded as sudden force rips. In contrast, from
the folding FDCs (light color curves in Fig. [t0.4), the folding events are
recorded as sudden force jumps. As expected, the poly(GC) at 10nM and
OnM netropsin concentration do not show different FDCs, indicating that
netropsin does not bind to GC-rich regions.

18 F H1 i
15} -
12t -
9 L 10nM

’—18'H2

Z 15}

— 12 e 10 1M™

24 F ‘ ]
21 POlleWw/
181 30nm

15 L-10nM 0 nM

trap position A

Figure 10.4.: Force-Distance curves. Unfolding (dark color) and folding
(light color) FDCs measured at OnM (red) and 10nM (blue)
for Hns (top), Hs (middle), and poly(GC) (bottom).

In Figure are shown the first unfolding and folding force distri-
butions for all the studied netropsin concentrations. The first unfolding
and folding forces are the first force where the molecule changes state
in the unfolding (N — U) and folding (N < U) trajectories, respectively.
Notice that the folding force distributions are not affected by the pres-
ence of netropsin, suggesting that the ligand does not interact with the
(unfolded) ssDNA. In contrast, the unfolding force distributions shift to
higher forces when netropsin concentration increases. Nevertheless, as
we see in Fig. bottom, the unfolding force distributions for Hns or
Hs do not show two or more well-defined populations, corresponding to
the unfolding and unbinding events. Therefore, we cannot separate the

events where the hairpins are in N, By, or Bs. This fact makes the clas-
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sification of these events difficult, compared to other ligands that show

distinct binding modes [110}/157].
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Figure 10.5.: Unfolding and folding force distributions. First unfold-
ing (bottom) and folding (top) force distributions at 0 (red),
1 (yellow), 2 (blue), 5 (green), and 10nM (gray) netropsin
concentrations for Hns (a) and Hs (b).

In consequence, to study the unfolding trajectories, we have defined a
folded state F containing N and By for Hns (F = N U Bys) and N, By,
and Bs for Hs (F = N U Bys U By).

We have derived the unfolding and folding kinetic rates from the force-
dependent survival probabilities of the folded (Pg(f)) and unfolded
(Pu(f)) states along the unfolding and folding trajectories, respectively.

The survival probabilities for pulling experiments are estimated as,

Pr(f) =1~ LIARS)) (10.1a)
Mraj
Pu(f) =1—M, (10.1b)

Miraj
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where £t (f*) in Eq. (Eq. (10.1b)) denotes the first unfolding (fold-
ing) force along the unfolding (folding) FDCs. n(ft < f) (n(f* > f))

is the number of first unfolding (folding) forces below (above) the force

f, and Nrqj is the total number of trajectories. The measured survival

probabilities for poly(GC) are shown in Fig. [10.6h.
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Figure 10.6.: Survival probabilities and kinetic rates of poly(GC). (a)
Survival probability of N (dark color) and U (light color)
measured at OnM (red) and 10nM (blue). (b) Derived kinetic
rates using the survival probabilities of panel (a) and Egs.

and (026).

As mentioned above, netropsin should not bind to poly(GC). Hence,
state F only includes N for poly(GC). Figure [10.6] shows the survival
probabilities and unfolding and folding kinetic rates of poly(GC). The
unfolding and folding kinetic rates are derived using Eqs. and
(102B), respectively. The presented results demonstrate that netropsin
does not bind to ssDNA molecules and dsDNA GC bp regions.

Next, using the derived Pr(f) and Py;(f), we have calculated the force-
dependent kinetic rates unfolding, kr_,i;, and folding, kn. 11, by con-
sidering the master equations for unfolding and folding a first order

Markov process,
_polf
Pr(f)

~

keou(f)

(10.2a)
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kneu(f) = rﬁj;((j:)) . (10.2b)

In equations and (10.2b), r is the loading rate (r ~ 4 — 5 pN/s in
the present experiments), and p—, (f) (0« (f)) is the unfolding (folding)

first rupture force distribution shown in Fig. bottom (top). Notice
that the unfolding kinetic rates always start at the folded F macro-state,
which comprises states N, Bys and Bs: F : N U Bys U Bs. In contrast, the
folding kinetic rate always starts at U and end at N because, as shown in
Fig. netropsin does not bind to ssDNA. The unfolding and folding
kinetic rates of Hns and Hs are shown in Fig.

a 10 b) 10°
E 1 E L
E1U E']O
o ol
5310-1 ?10—5
X X
-2 | , . A A -2 | . . L
13 14 15 16 17 12 14 16 18 20
f (pN) f (pN)

Figure 10.7.: Kinetic rates of Hns and Hs. Unfolding (solid symbols)
and folding (empty symbols) kinetic rates measured at
0 (red), 1 (yellow), 2 (blue), 5 (green), and 10nM (gray)
netropsin concentrations. The solid and dashed lines in
panels (a) and (b) are fits to the Bell-Evans kinetic model.

At first sight, we discern three featyres in Fig. First, the fold-
ing kinetic rates of Hns and Hs are not affected by netropsin, like we
have seen for poly(GC), i.e., netropsin does not interact with ssDNA,
and therefore with U. Second, the unfolding kinetic rates of Hns at 0
and 10nM grow exponentially with force in the explored force range as
predicted by the Bell-Evans model. In contrast, the kinetic rates at the

other concentrations are not properly fitted with the expected exponen-
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tial behavior. This is indicative of a mixture of two typos of folded states:
F = N U Bys. Third, for Hs a complex force dependence is observed for
kp_,uy with netropsin. In particular, the slope of log(kg_,1;) versus f
decreases above ~ 16pN indicating two binding modes for netropsin.
To infer the binding kinetic rates for both binding modes, we solved
the master equations governing the transitions F — U observed in the

pulling experiments.

Hns hairpin

The survival probability Pr(f) for Hns is defined as the sum of the sur-
vival probabilities of N and Bys, i.e., Pr(f) = Pn(f) + Pg,,(f). Where
Pn(f) and P, (f) satisfy the following master equations:

fdpi? ,ff ) — (ko) + Ko P () + K Py, (F) (10.32)
Al ()~ o) + P (a0

In equations and (103b), kb, = c- k" where kJ7 is the associa-
tion rate and c the netropsin concentration. k%f is the dissociation rate,
which is independent of the concentration. The sub-index ns denotes the
non-specific binding mode. Finally, ky_,s is the naked-DNA unfolding
kinetic rate, and kg __,1; is the unfolding kinetic rate for the non-specific
bound state. ki and kp, ;7 have been modeled using the Bell-Evans
kinetic model [_85[86],

+
bvou(f) = koewp | 17 (1042)

+
kp,,—u(f) = ko® exp H{;V;} (10.4b)

where xT and x}:s are the transition state position relative to N and By,

respectively, ko (kj°) is the unfolding kinetic rate at zero force for the N

215



216

NETROPSIN BINDING STUDY

(Bns) — U process, kg is the Boltzmann constant, and T is the tempera-

ture.

First, we have characterized xt and kg by fitting the experimental val-
ues of ky_,y; obtained at OnM to Eq. (solid red line line in Fig.
). Then, we determined x}; and k{* by fitting Eq. to the
values of kr_,;; measured at 10nM (solid grey line line in Fig. ). As
mentioned before, the force behavior of kr_,i;(f) at 10nM follows the
exponential trend of the Bell-Evans model while intermediate concentra-
tions not. This fact suggests that at 10nM, netropsin is nearly saturated
for this short DNA hairpins, i.e., all the unfolding trajectories at 10nM
start at Bys. The measured parameters that best fit the experimental data
are x' =884 1.1 nm, kg = (22+£09) x 107 # 571, x} = 85+ 1.0nm,
and k¥ = (1.7 £0.8) x 107!* 571, respectively.

a2 Gt .
1nM

2nM —a— |
5nM —e—
100nM —w—

ELO.é- T
03f 7
Hns
0'013 14 15 1 17 18 0'013 14 15 16 17 18
f (pN]) f (pN)

Figure 10.8.: Unfolding survival probabilities of Hns. (a) Folded sur-
vival probability along unfolding (solid symbols) measured
at 0 (red), 1 (yellow), 2 (blue), 5 (green), and 10 nM (gray)
netropsin concentrations. The solid lines are fits to Egs.

and (10:3b). (b) Derived Py (solid lines) and Pp,
(dashed lines).

Using the derived values of at, x:ls, ko, and ki®, we have solved and fit-

ted Egs. and simultaneously at all studied concentrations

to derive the values of k%f and k9. We have numerically integrated Eqs.
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and from an initial force equal to —oo up to a maximum

force of 20pN using the Euler method procedure for solving differen-
tial equations. Nevertheless, to use this approach, it is necessary to de-
fine an initial condition. From the experiments, we have concluded that
hairpins always fold into N during the refolding process, and netropsin
binds only afterward. Hence, we can assume that at the most probable
folding force (~ 14.5pN), the molecule is in N. Notice that Py = 1 at
14.5pN would be only valid in the folding process. Therefore, to inte-
grate Egs. (10.3a) and (10.3b), we have considered that the unfolding
process starts at f,;, = —14.5pN and the force is ramped at the loading
rate r until f,.y. Between f,;, and the unfolding event there is a lapse of
time during the while netropsin can bind to N. Therefore, the initial con-
dition to numerically integrate the master equations are Py(—14.5) =1
and Pp, (—14.5) = 0.

The measured Pr(f) for Hns are shown in Fig. together with
the derived values solving Egs. and (10.3B). In figure [10.8p, we
show the derived values of Py (f) and Pg,(f) as solid and dashed lines,
respectively. As can be seen, for a given force value, when the netropsin
concentration increases, the probability to be in Bys increases too. In
particular, at 10nM, we can see that Py at the most probable unfolding
force is close to ~ 75%, supporting our hypothesis that netropsin is close
to being saturated at this c. The values of k%f and k9 that best fit the
experimental data are summarized in Tab.

Hs hairpin

Second, we have characterized the specific AATT binding mode using
the Hs hairpin. As stated before, Hs can unfold from N, B or B; states
(scheme Fig. [10.3p), here the subindex ns denotes the non-specific inter-
action and s the specific one. The folded sate F comprises N, By, and
B;. The survival probability Pr(f) is given by Pr(f) = Pn(f) + Pp,.(f) +
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Pg (f), where Pn(f), P, (f), Pp,(f) satisfy the following master equa-

tions:

rdpgf(f) = —(knou(f) + Ko + K Py (F) + KL Pg (F) + K Py (£)
(10.5a)
’dp%}(f) — kb Py (f) — (kp,u(f) + K P, (f) (10.5b)
‘”Jf;ffﬁ = K2y (f) — (kp.su(f) + k) Py (f) (10.50)

where kb and k¥ are the binding rates, defined as the product of the
netropsin concentration and the association rates k{; and k", respec-
tively. k%f and kgf f are the dissociation rates. kn_sy is the naked-DNA
unfolding kinetic rate, kg, _,; is the unfolding kinetic rate from the non-
specifically bound state, and kg _,i; is the unfolding kinetic rate from

the specifically bound state.

As for the case of Hns, the kinetic rates kn_,, kp,. 11, and kp__,; have

been investigated using the Bell-Evans model (Egs. and (z0.4b))

and the following are,

t
kn—u(f) = koexp HBLT} (10.6a)
+
kg, —u(f) = ko® exp Hz’ﬂ (10.6b)
+
kp.u(f) =kjexp [{;ﬂ . (10.6¢)

In equations and (10.6¢), the sub-indices ns and s denote the non-
specific and specific binding mode. The parameters x* and ko (x" =
9.9+ 1.0 nm, kg = (1.0£0.7) x 10712 s71), have been derived by fitting
Eq. to the measured kinetic rates at OnM (red solid line in Fig.
[10.7b). Notice that the measured kr_,;; at 10nM shown in Fig. ex-
hibits two linear trends in the log-normal plot. The first trend, between
12 — 16 pN, has been fitted to Eq. to determine the parameters



10.2 RESULTS

xZS and ko,.. The second trend, between 16 — 18pN, has been fitted to
to determine x{ and k. Both fits are shown as solid and dashed
gray lines in Fig. [10.7b, respectively. The numerical values that best fits
the experimental values are: x},; = 7.7 +0.9nm, ki = (7.1£1.4) x 10713
s, xl =31+05nm, and k§ = (25+£0.9) x 107> s L.

a) 12 ' " 0nv-—-] b) 10 P —
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D 9 2 nM ’_“_‘_ " 0.8 Pan____
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o o 0.6 B
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Figure 10.9.: Unfolding survival probabilities of Hs. (a) Folded sur-
vival probability along unfolding (solid symbols) measured
at 0 (red), 1 (yellow), 2 (blue), 5 (green), and 10 nM (gray)
netropsin concentrations. The solid are the solved adjust-

ments to Eqs. (10.3a) and (10.3b). (b) Derived Py (solid
lines), Pg,. (dashed lines), and Pp_ (dotted lines).

Using the present kinetic parameters and the binding kinetic rates
of the non-specific bound state derived from Hns, we have fitted and
integrated Eqs. (10.5a), (10.5b), and simultaneously using all
the experimental data obtained for hairpin Hs. As mentioned previ-
ously, DNA hairpins always fold into N during the folding process,

and netropsin binds afterward. To numerically integrate the master Eqs.

(10.5a), (10.5b), and (10.5¢), we have used the Euler method. The initial

condition is defined as we did for hairpin Hns. At the most proba-
ble folding force (~ 14.5pN), the hairpin is N with probability equal
1. To integrate the master equations, we have defined f,;;, = —14.5pN

as the starting initial condition for the unfolding process. Therefore,
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Pn(—145) = 1, Pg,(—14.5) = 0, and Pp (—14.5) = 0. The measured
force-dependent Pr(f) values are shown in Fig. together with the

derived values integrating the master equations.

Comparing figures and , we can see that the Pr(f) values
for Hs have a long tail at high values of force, above 16 pN. Notice that

this tail, which corresponds to the force range where we have assumed
that the specific binding takes place, is approximately independent of
the netropsin concentration. Moreover, the survival probability of the
bound state (Pg,. + Pp,) at 10nM is around ~ 90% between 10 and 15
PN. This result further supports the fact that at 10nM binding is nearly
saturated. The binding kinetic rates for both modes are summarized
in Tab. The error bars in Tab. correspond to the minimum

‘ Kon (571 Mfl) koff (Sfl)
Bus | (23+£0.4) x107 (5240.1) x 1072
Bs | (81£09)x10” (8440.1)x1072

Table 10.1.: Derived k°* and k°// for the two binding modes.

step size of the iterative method that fits and integrates the master Eqs.

and for Hns and Egs. (10.5a), (10-5b), and (10.5d) for Hs.
The presented values in Tab. are derived by a > method by defin-
ing the relative squared difference between the theoretical curve and

the experimental data by minimizing over all data points and netropsin

concentrations.

10.3 CONCLUSIONS

We have investigated the binding properties of the minor groove binder
netropsin using single-molecule experiments. In particular, netropsin
is a paradigmatic drug with a high association, k°", and dissociation,
k°ff, rates that binds to dsDNA with a weak and strong binding modes.
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The weak interaction comes from the link to AT-rich DNA’s regions. In
contrast, the strong interaction results from binding to specific motifs
5-AATT-3". Here, we have carried out pulling experiments using three
short (10 — 20bp) DNA hairpins (poly(GC), Hns, and Hs) to derive k"
and k°/f for the two binding modes.

From the FDCs for poly(GC) hairpin, we have derived the unfolding
and folding kinetic rates at 0 and 10nM netropsin concentrations. The
unfolding kinetic rates measured at 0 and 10nM do not present differ-
ences, suggesting that netropsin does not bind to GC-rich sequences. In
addition, the folding kinetic rates for poly(GC) do not change when
adding netropsin, proving that this ligand does not bind to ssDNA
molecules. Regarding the Hns hairpin, designed with an AT-rich region
at the middle of the stem, we have characterized the non-specific inter-
action between netropsin and dsDNA. Moreover, Hs was designed with
the specific 5-AATT-3" motif at the middle of the hairpin to study the
specific interaction. From the FDCs, we have determined the unfolding
and folding kinetic rates and the survival probabilities of the unfolded
U and folded F states. F comprises the native N, the specifically bound
Bs and the non-specifically bound By states, i.e. F = N U Bys U B;. To
infer the association (k") and dissociation (k°/f) rates, we have numeri-
cally solved the master equations for the survival probabilities of N, By,
and B; fitting them to the experimental data for all the studied netropsin
concentrations. The obtained k%f , k%, kgf f , and kJ"* are summarized in
Tab. Using the rate constants obtained for both hairpins, we have
calculated the dissociation constant, K; = koff 7ko" and the binding
Gibbs free-energy difference, AG? = k3T In(K;/c). We have estimated a
AGY = —11.9 4 0.4 kcal/mol for the non-specific binding mode, and a
AG? = —12.7 + 0.4 kcal/mol for the the specific one at IM. The value for
the non-specific binding mode agrees with the reported one [170]. No-
tice that the binding energy for the specific and non-specific interaction
are equal. In contrast the position of the transition state x* is different

depending on the kind of interaction, x};; ~ 8nm and x! ~ 3nm.
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Part VI

CONCLUSIONS AND FUTURE PERSPECTIVES






CONCLUSIONS

Since the invention of the laser (acronym of Light Amplification by Stim-
ulated Emission of Radiation) in the 1960s, biology and physics have
made transcendent steps toward understanding how life works at the
microscopic level (from nucleic acids to proteins and beyond). From the
biological point of view, the accurate knowledge of how a polypeptide
chain folds into a functional protein structure is crucial to understand
some pathologies, e.g., Parkinson’s and diabetes mellitus type II. From
the physics point of view, the microscopic world is governed by energies
of magnitude comparable to thermal energies. Hence, these systems are
an ideal playground for developing new mathematical and theoretical
tools, e.g., in stochastic thermodynamics.

A relevant tools relevant invention to applications to laser was dis-
covered by Arthur Ashkin in 1970. For his invention, A. Ashkin was
awarded the 2018 Nobel Prize in Physics. Optical tweezers permit us to
exert forces on individual molecules, such as nucleic acids and proteins.
Single-molecule experiments (SMEs) emerged in the 9o’s and are nowa-
days commonplace in biophysical laboratories worldwide. SMEs exert
forces in the piconewton range (10712 N), which allows us to manipulate
molecular constructs with a spatial resolution of nanometers (10~2 m).
These characteristics enable us to exert work in the k3T range (10721 ).
This energy is on the same order of magnitude as the kinetic energy of
the water molecules. Besides, the bonds that stabilize biomolecular struc-

tures, such as DNA or proteins, are in the same range. SMEs techniques
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are ideal for investigating the folding thermodynamics of nucleic acids
and proteins and developing novel theories in the stochastic thermody-
namic field. Throughout this thesis, we have made original advances in

information theory (Part II) and in biophysics (Parts III, IV, V).

In Chap. [3} we have investigated the touchstone of the thermodynam-
ics information field: the information-to-energy conversion. In addi-
tion, we have introduced the paradigm of information-to-measurement
conversion in non-equilibrium systems by combining theory and single-
molecule pulling experiments to present the first experimental estima-
tion of the efficiency of information-to-measurement conversion based
on improved free-energy predictions with feedback. To do so, we have
introduced a novel feedback fluctuation theorem for multiple measure-
ments in stochastic systems. We derive a crucial quantity, thermody-
namic information Y, which quantifies the amount of reduced work dis-
sipation and the efficiency of information-to-energy (17) and information-
to-measurement (17,1) conversion. Although feedback reduces dissipa-
tion, we have shown that a simple feedback protocol cannot be used for
improved free energy determination due to the unexpected inefficiency
of information-to-measurement conversion ()1 < #7). We have intro-
duced a novel protocol in the field, which we named feedback strategy.
A feedback strategy is a combined series of mixed feedback protocols,
which choice depends on the measurement outcome. Our study under-
lines temporal correlations’” role in developing feedback strategies for
efficient information-to-energy conversion in small systems. The deriva-
tion of a fluctuation theorem for feedback strategies is left for future

work.

In Chaps. l4 and |5} we have investigated the molecular free energy
landscape (mFEL) of a paradigmatic and well-studied two-state folded
protein named Barnase. We have used a temperature controller to me-
chanically unzip/rezip the protein in a temperature range of 7 — 37°C.
The measured force-distance curves (FDCs) exhibit strong irreversibility
in mechanical folding. We derived the temperature-dependent free en-

ergy, entropy, and enthalpy difference between the native and unfolded
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states by combining fluctuation theorems and the well-known Bell-Evans
kinetic model. From their temperature dependence, we derived the total
heat capacity change, ~ 1000cal/mol-K. Based on the Bell-Evans kinetic
model, we derived the energy, entropy, and enthalpy change across the
transition state along the folding process. We find that entropy and en-
thalpy differences between the transition state and the native state (ast
and AHT) are much larger than those relative to the unfolded state (AS*
and AH*): AST > AS* and AHT >> AH*. In contrast, the difference in
heat capacity change between the transition state and the unfolded state
(AC;S_U) is more significant than the difference relative to the native
state (AC;\’ — TSy, AC; U AC{,\[ ~T5. These results support the funda-
mental hypothesis of the molten-globule and energy landscape models
for protein folding. In addition, taking profit of the high irreversibility
observed in the force distance curves (FDCs), we have derived the posi-
tion of the transition state relative to the native (x*) and unfolded (x*)
states based on the Bell-Evans kinetic model. By converting the exten-
sion into released amino acids, we have proved that the central assump-
tion of such a kinetic model (x and x* are constant in force) is a direct
result of the Leffle-Hammond postulate. In the future, it would be in-
teresting to investigate a protein exhibiting intermediate states along the
folding/unfolding process to see if the derived results in this thesis are

generally applicable.

In part IV (Chaps. [} [7} and [8), we have investigated the temperature-
dependent thermodynamic, elastic, and kinetic properties of DNA hair-
pins. In Chap. [6} we have carried out pulling experiments at different
temperatures to derive the temperature-dependent elastic properties of
DNA. First, we have used short DNA hairpins with different GC con-
tent to reconstruct the force-dependent molecular extension of ssDNA
molecules. The three studied hairpins are named poly(GC) (100% GC
content), poly(AT) (~ 16% GC content), and mixed (50% GC content).
We have proved that the elastic response of the three studied hairpins is
the same, demonstrating that the elasticity of ssDNA does not show se-
quence effects beyond the stacking effects reported for poly-A and poly-

G molecules. We have used the inextensible Worm-Like Chain model
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(WLC) to determine the persistence length L, and inter-phosphate dis-
tance d, of ssDNA chains. Mention that L, is strongly affected by
temperature, while dj, is practically constant in the explored temper-
ature range, 5 — 50°C. Second, we have determined the temperature-
dependent elastic properties L, and d}, of a long dsDNA molecule using
stretching experiments. In these experiments, the dsDNA molecule is
stretched from its ends. At the same time, the exerted force as a func-
tion of the trap position is recorded. Here, we have found that L, has a
strong temperature dependence, whereas dj, remains unchanged by the
temperature and equals the crystallographic distance ~ 0.34 nm. Inter-
estingly, we have found that L, for ssDNA increases when we raise the
temperature; in contrast, L, of the dsDNA is decreases. The temperature
dependence of L, for both molecules is well fitted to a linear function.
Besides, it is known that in semi-flexible polymers, e.g., ssDNA and ds-
DNA, the persistence length has an intrinsic electrostatic contribution
that depends on the screening Debye length, which is proportional to
VT. In the explored temperature range, we have found that L, is well
fitted with a linear or a function of the type, aT'/2 +b. A discrepancy of
only ~ 10% between both functions is found close to 100°C. In addition,
in Chap. [6] we have approached the problem of DNA overstretching
varying the temperature. Here, we have shown that the average force at
the overstretching transition is proportional to the temperature. Future
studies should characterize the overstretching transition using the elas-
tic parameters derived in this chapter to bring light into the still debated

overstretching transition’s nature.

In Chaps. [71and [8, we have derived the free energy (AG), entropy
(AS), enthalpy (AH) and heat capacity change (ACp) per DNA base pair
using the short DNA hairpins from Chap. [} In Chap. [7} we have de-
rived the thermodynamic potentials from hopping experiments carried
out in a wide temperature range, 5 — 50°C. The three hairpins (poly(GC),
poly(AT), and mixed) have different nearest-neighbour base pair (NNBP)
motifs containing GC or AT bps in different proportion. The poly(GC)
hairpin has been synthesized with only GC bp in the stem. Concretely

its stem is formed by five 5'-GC-3" motifs. Therefore, according to the
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Nearest-Neighbor model (NN), the poly(GC) hairpin is formed by the
NN DNA motifs GC/CG and CG/GC. The second hairpin, poly(AT), is
formed by a single 5-GC-3’ motif at the initial bp of the stem, followed
by six 5-AT-3” motifs. Hence, poly(AT) contains a single GC/CG and a
CA/GT NN DNA motifs, followed by three AT/TA and TA/AT motifs.
The last hairpin, mixed, contains 50% of GC content with two trinu-
cleotide purine-purine motifs an one tetranucleotide purine-purine mo-
tif. Here, we have derived AG, AS, AH, and AC,, per GC bp and AT bp by
dividing the total values by the corresponding number of bps. We have
found a remarkable sequence effect in the heat capacity change, which
is not apparent in bulk assays due to the difficulty of discerning AC,
variations from ssDNA collective effects, such as aggregation and non-
specific secondary structure formatio. The values reported here from the
poly(GC), poly(AT) and mixed hairpins are: AC, = 90 & 11 cal/mol-K,
68 £ 8 cal/mol-K, and 77 £ 7 cal/mol-K per bp, respectively. In addition,
we have compared the derived AG, AS, and AH for the mixed hairpin
with the averaged values considering the measured energy, entropy, and
enthalpy per GC bp and AT bp. We have observed that the energy differ-
ences per bp obtained by averaging the values derived from the poly(GC)
and poly(AT) hairpins underestimate the values obtained for the mixed
hairpin. We hypothesize that such difference arises from the additional
seven purine-purine stacks in the mixed hairpin. By comparing the dif-
ference in AG, we infer that every purine stack (G or A) contributes by
roughly 0.3kcal/mol in the stabilization of the dsDNA.

Moreover, in Chap. we have determined the AG, AS, AH, and
ACp of two different hairpins with the same stem but different loops.
The hairpins are the mixed one (now called mixed-L4), ended with the
tetra-loop 5-GAAA-3’, and the same hairpin ended with the octa-loop
5'-GAAAAAAA-3" (mixed-L8). The obtained results from the mixed-
L4 and mixed-L8 hairpins suggest that DNA folding follows the same
main features of protein folding, i.e., AST > AS*, AHt > AH*), and
ACQI TS « AC;S —U. In future works, it would be interesting to study
larger loops to validate this hypothesis.
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In Chap. we have extended the works done in the laboratory
[116}/129] by carrying out unzipping experiments varying the temper-
ature. From the obtained data, we derived the free energy difference of
the sixteen DNA motifs, i.e.,, AT/TA, AC/TG, AG/TC, AA/TT, etc. We
have compared the measured temperature-dependent AG of the differ-
ent motifs with the prediction of the nearest-neighbour oligonucleotide
database [127}/128] and with previous unzipping experiments carried
out in the small biosystems lab at different ionic strengths [116}|129].
Our results agree with the existing literature based on the NN model. In
addition, we have compared the results from the unzipping experiments
with those derived in Chap. [7} Mention that the agreement between both
methods opens the door to derive AC,, values for the NNBP (which in

this thesis was taken to vanish).

Finally, in part V, we present two collaborations done during the thesis.
On the one hand, in Chap. @ we have extended the continuous effective
barrier approach (CEBA) to investigate molecules involving intermedi-
ates states during folding. To illustrate the advantages of the introduced
method, we have determined the folding free energy and kinetic attempt
of DNA hairpins with three different kinds of intermediates: a hairpin
with an inner-loop and a single intermediate (HI1); a two-hairpin struc-
ture with a doubly degenerate intermediate (HI2); and a three-way junc-
tion with three intermediates (HI3). In addition, we have used CEBA
to determine the temperature-dependent free energy difference of two
short DNA hairpins. The first used hairpin (mixed-L4), while the sec-
ond one, named H3s, has an intermediate state with short lifetimes. We
have compared the measured entropy and enthalpy with the predictions
based on the NN model using the MFold database [127,/128]. In the fu-
ture, we plan to develop a method to determine the attempt rate without

the necessity to adopt a model to predict the mFEL.

To conclude, in Chap. we have studied the binding of a minor
groove binder named Netropsin. From the existing literature, it is known
that netropsin binds DNA in two different modes: non-specifically and

specifically. The non-specific mode is associated with the binding in
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AT-rich regions. In contrast, netropsin specifically binds to 5-AATT-3’
motifs. Here, we have derived the binding energy and binding rates
of netropsin using two 20bp DNA hairpins. One hairpin contains an
AT-rich domain in the middle of the stem, and the other contains a
5-AATT-3” motif. We have introduced a novel approach to study lig-
and binding interactions from pulling experiments. In particular, our
kinetic based approach can discriminate specific from non-specific bind-
ing. From the survival probability of the folded state (compresing the
native and ligand bound state), we have derived the dissociation con-
stant, K; = koff 7ko" | for both binding modes. The measured Gibbs
binding energies agree with the reported ones, being —11.9 and —12.7
kcal/mol for non-specific and specific binding modes, respectively, at
1M of Netropsin. In future studies, it would be interesting to study
long DNA hairpins in presence of netropsin to investigate the prefer-

ence binding DNA motifs.
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APPENDIXES






MOLECULAR SYNTHESIS OF DNA AND PROTEIN
CONSTRUCTS

This appendix briefly summarizes the steps to synthesize the DNA hair-
pins and protein used throughout the thesis. This includes short DNA
hairpins, long DNA hairpins, long double-stranded DNA chains, and

protein Barnase.

A.1 SHORT DNA HAIRPINS WITH SHORT DNA HANDLES

The short DNA hairpins used throughout this thesis have been synthe-
sized using a protocol based on the steps described in reference [113].
The protocol we will describe in this section is valid either for fully-

complementary DNA hairpins and hairpins presenting unpaired bases.

DNA hairpins are synthesized by hybridizing the oligonucleotides
shown in Fig. The primary oligonucleotide (black dotted box),
which we name Oligo A, contains the sequence of the hairpin (which
is suitable for each assay) flanked by the sequence of one strand of the
DNA handles. The handles are the same for every hairpin and their

sequence is:

5 —AGTTAGTGGTGGAAACACAGTGCCAGCGC—3'
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The second oligo, which we name splint, has the complementary se-
quence of the handles in oligo A. All these oligonucleotides are supplied

by a specialized company, such as Sigma-Aldrich or Invitrogen.

o oligo A
hairpin
_left handle right handle_:

5 3
3 : 5 3 ’ 5
splint splint

Figure A.1.: Sketch of the oligonucleotides composing the short DNA
constructs. The box denotes the oligonucleotide containing
the DNA hairpin sequence.

The sequences of the used short DNA hairpins are summarized in Tab.
The loop sequences are in bold.

name sequence
poly(GC) 5'-GCGCGCGCGC GAAA GCGCGCGCGC-3’
poly(AT) 5'-GCATATATATATAT GAAA ATATATATATATGC-3’

5-GCGAGCCATAATCTCATCTG GAAA
CAGATGAGATTATGGCTCGC-3’
5'-GCAGCACATAGCGACATCTG GAAA

mixed / H2s /H1

Hs CAGATGTCGCTATGTGCTGC-3’

Ha 5-GCGAGCCTAATTCTCATCTG GAAA
CAGATGAGAATTAGGCTCGC-3’

- 5-GCGTCGCAGCGCCAAAAGGCAGGCG GAAA
AAGAG CGCCTGCCTTTTACCCGCTGCGACGC-3’
5- GCGTCGCAGCGCGATATCTACCACGCGGCG

HI3 TTAAATA GAAA TATTTTAACGCCGCGTGGTGC

GGCGCAATTAAT AAAG ATTAATTGCGCCGCAC
GTAGATATCGCGCTGCGACGC-3’

To connect the molecular construct to the dielectric bead used in the
SMEs, the 5'- end of the left handle is labeled with a biotin, whereas
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the 3’- end of the right handle is modified with a digoxigenin tail. The

biotin labelling is indicated when buying the oligonucleotides, but the

digoxigenin tailing is done in the laboratory.

Digoxigenin tailing

Here, we have used the Oligonucleotide Tailing Kit (Roche) to tail a Digoxigenin-
dUTP at the 3’-end of Oligo A. The steps to do so are the following;:

i. Dissolve the supplied oligonucleotide with double distilled water

(ddH,O) until a 100mM concentration is reached. The required wa-

ter is specified in the oligonucleotide tube. After that, spin down

the oligonucleotide tube.

ii. Mix the following components in a sterile Eppendorf tube:

8ul
1pul
4ul
4ul
1ul
1ul
1ul

ddH,0

oligo A 100uM

COCIZ

Reaction Buffer X5

dATP

Digoxigenin-dUTP

Terminal transferase (enzyme)

20ul

iii. Incubate for 15 minutes at 37°C.

iv. Purify the mixture using the Qiaquick Nucleotide Purification Kit (QUIA-
GEN). Follow the instructions of the kit.

v. Keep the final sample at —20°C to store it.

Annealing the whole molecular construction

The protocol that follows these lines describes how to hybridize the

Oligo A and splint to obtain the molecular construct available for per-

forming SMEs.
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i. Spin dow all the oligonucleotide tubs (Oligo A obtain from the pre-

vious protocol and splint).

ii. Mix the following components in a sterile Eppendorf tube:

10u1  Dig-tailed oligo A (5pmol)
4ul  Splint (10pmol)

1yl Tris IMpH7.5

1ul  NaCl5M

13ul  ddH,O
1yl Digoxigenin-dUTP
30ul

iii. Incubate for 2 hours at 42°C.

iv. Reduce the temperature at constant rate, 1°C/min, until 25°C is

reached.

v. Keep the DNA at 4°C to store it.

A.2 LONG DNA HAIRPINS WITH SHORT DNA HANDLES

The long DNA hairpins used throughout this thesis were prepared as de-
scribed in reference [157]. The protocol has been designed in a way that
it can be used to synthesize hairpins of arbitrary sequence and length

using the A-phage (New England Biolabs) as a template.

The 48kbp A-DNA template is cutted using the selected restriction
enzymes to obtain the desired dsDNA segments, which will be the core
of the stem of the hairpin. Moreover, the enzymes have been selected to
create long cohesive ends that permit efficient annealing and ligation of
the DNA handles and end-loop after restriction. The restriction enzymes
used to obtain the 480bp and 3.6kbp are the following: TspRI and Tsp45I
for the 480bp (Chap. [10) and the EcoRI for the 3.6kbp (Chap. [).

The obtained DNA segment is PCR amplified using the designed
flanking primers. The desired DNA hairpin is obtained by assembling
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five different oligonucleotides. These are: the oligonucleotide contain-
ing the loop, the right and left ssDNA handle (HandBio and HandDig,
respectively), and the two splint oligos to generate the 29bp dsDNA han-
dles (splint and inverted splint oligos). The resulting structure is shown

in Fig.

loop /'(f
oligonucleotide

N\

overhang restriction

o enzyme 1
overhang restriction

enzyme 2

HandBio HandDig
—ll=—"" _ Dig-tailing

Bio-tailing splint inverted splint

Figure A.2.: Sketch of the oligonucleotides composing the long DNA
constructs. The overhang restruction is selected specifically
to obtain the desired length.

The oligos used to synthesize the 480bp and 3.6kbp DNA hairpins are
summarized in Tab. [A2]

Briefly, to create the doubly biotinylated dsDNA handle, the splint
oligonucleotide complementary to the unpaired region of HandBio was
also purchased. To generate the digoxigenin dsDNA handle, we used a
modified oligonucleotide (inverted-splint, Thermo Scientific) complemen-
tary to the unpaired region of HandDig. This oligonucleotide contains
two modifications: a C3 spacer at its 3’- end to block this end in tailing re-
actions and a polarity inversion at its 5'- end using a 5’-5" linkage. In this
way, both ends of the handle could be tailed with multiple digoxigenins.
The oligonucleotides HandDig and inverted-splint are then tailed with
digoxigenin-labeled dUTP’s and splint with biotin-labeled dUTP’s. The
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assembly is then ligated in an overnight reaction using T4 DNA ligase
(NEB) at 16°C.

name sequence

loop oligo:  5-Pho-GTC ACT TAG TAA CTA ACA TGA TAG

480bp TTAC TTTT GTA ACT ATC ATG TTA GTT ACT
AA-3

loop oligo:  5-Pho-AAT TGC CAG TTC GCG TTC GCC AGC

3594bp ATC CG ACTA CGG ATG CTG GCG AAC GCG
AAC TGG C-3’

HandBio 5-Bio-GAC TTC ACT AAT ACG ACT CAC TAT
AGG GAA ATA GAG ACA CAT ATA TAA TAG
ATC TTC GCA CTG AC-3’

HandDig  5-Pho-AAG ATC TAT TAT ATA TGT GTC TCT
ATT AGT TAG TGG TGG AAA CAC AGT GCC

AGC GC-3’
Splint 5-TCC CTA TAG TGA GTC GTA TTA GTG AAG
TC-3
Inverted 3’-AAAAA-5 -5-GCG CTG GCA CTG TGT TTC
splint CAC CAC TAAC (S5pC3)-3’

A.3 BARNASE WITH LONG DNA HANDLES

Protein barnase is inserted between two identical 500bp dsDNa handles
following the synthesis steps explained in reference [171]. The protein
is attached to the dsDNA handles through disulfide bonds. In order to
insert the thiol groups (-S) into the N- and C- terminals of the protein,
the initial and the final amino acids of Barnase have been mutated to
cysteins. Moreover, the 3’- end of both right and left handles are labeled
with one thiol group. The 5'- end of the handles are labeled with a bi-

otin and a digoxigenin molecule to link the molecular construction to the



A.3 BARNASE WITH LONG DNA HANDLES

polystyrene beads used in the SMEs. Furthermore, a tail of histidines is

included at the C- terminal of barnase in order to simplify its purifica-

tion. In what follows we will explain the chemical steps to synthesize
the protein barnase flanked with the dsDNA handles.

Barnase expression and purification

1. Bacterial growth

i

ii.

iii.

iv.

Prepare a pre-culture of BL21 [pET-Bar]: working on ice under
sterile conditions, touch the BL21 pET-Bar glycerol from -80°C
with a toothpick and inoculate 10ml of LB+00uM ampicillin
media. Grow at 250 rpm, 37°C, overnight.

Inoculate 11 of LB+100uM ampicillin media with 1ml of pre-
culture. Grow at 250 rpm, 37°C, until an O.D. of 0.6 — 0.8 is
reached.

Induce with 0.5mM IPTG. Let the bacterial cells grow and ex-
press the protein during 5h at 37°C.

Transfer the culture to 80ml centrifuge tubes and centrifuge at
3000 rpm for 15 min at 25°C. Discard the supernatant (i.e., the
liquid lying above the solid residue) and repeat the centrifuga-

tion until all cells are collected.

2. Bacterial lysis

i

ii.

ii.

Resuspend the cells with the Wash-Equilibration Buffer.
Sonicate on ice.

Transfer the cell suspension to several 1.5ml Eppendorf tubes.
Centrifuge with the microcentrifuge for 10 min at maximum
speed. Collect the supernatant (i.e., the lysate containing the
soluble over-expressed protein) and discard the cell debris.

3. Barnase-His purification
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To carry out purification, the metal affinity chromatography resin
from TALON (Clontech, Ref. 635501) is used. Co®>* has a high affin-

ity for polyhistidine tagged proteins (as is the case of Barnase-His)

while it exhibits very low affinity for non-6xHis tagged protein.

i

ii.

ii.

iv.

vi.

vii.

Viii.

iX.

Load the lysate into the affinity column (follow instructions

from the commercial product for its preparation).

Wash resin with Wash-Equilibration Buffer. At this step, Barnase-

His and other histidine-rich proteins are attached to the resin.

Elute the protein from the column in 10ml fractions of Elution

buffer supplemented with 500mM imidazole.

Analyze the fractions by SDS-PAGE and pool those containing
the protein.

. Concentrate the selected fractions with the protein until 200 —

4001,

Load the concentrated protein to a size exclusion. Carry out
purification using 100mM NaPi Buffer + 1ImM DTT.

Analyze the resulting fraction with SDS-PAGE.

Concentrate the sample again reaching 2ml or less. Add 20
mM DTT and wait 20 minutes.

Carry out a Bradford test to determine the concentration.

4. Barnase-His activation

i

ii.

iii.

Unfreeze a DTDP stock aliquot and add 8.5ml of 0.1M NaPi.

Add 200p1 of freshly prepared DTDP to 200ul of protein. Leave
the reaction overnight at 25°C in the dark.

Carry out a dialysis against 500ml 100mM NaPi buffer for 2
hours. Repeat 3 this step times.
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Preparation of the handles

As mentioned before both handles are two identical 500bp segments of
a dsDNA molecule. They are amplified by PCR using pBR322 plasmid
as template. Both handles are labeled with a Thiol group on the 3’- end,
and a biotin or digoxigenin on the 5’- end. These labels are introduced
by the oligonucleotides on the PCR reaction. The oligonucleotides are or-
dered to MWG Operon/Eurofin, in a scale of 1ymol and are resuspended
in water at a final concentration of 100mM. The oligonucleotides used

are:
Bio-500: Bio - GGA ATC TTG CAC GCC CTC GC
Dig-500: Dig - GGA ATC TTG CAC GCC CTC GC

SH-500: Thiol - CAG TTC TCC GCA AGA ATT G

i. Synthesize the Bio-SH 500bp handle: Prepare a 9ml PCR reaction
mixing all the components in a 50ml Falcon tube. Transfer 100u1
aliquots to PCR tubes and start amplification. Use the standard

polymerase from Biotools.

ii. Synthesize the Dig-SH handle following the steps described in step

1.

iii. Transfer the PCR fractions to a 50ml Falcon tube. Check the PCR
with a 1.5% agarose gel.

iv. Use the Hispeed Plasmid Maxi Kit (Qiagen, Ref. 12663) starting at
step vi and follow the instructions. Perform final elution with 1ml
of 15mM NaPi and 3mM DTT.

v. Measure DNA concentration using a biophotometer (Abs260). It is

important to obtain a concentration of at least 300ig/ml.
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Reaction between protein and handles

i. Mix equal amounts of Bio-SH and Dig-SH handles, typically 0.5ml,
trying to get a final concentration of 150ug/ml for each handle (~
1M total DNA).

ii. Concentrate handles mixture with Microcon to a final volume of
50 — 60pl.

iii. Equilibrate 3 Bio-Spin columns with 0.1 NaPi/EDTA (5 x 0.5ml, 1
minute at 1000 g). Exchange the buffer by passing through 3 consec-

utive Bio-Spin columns.
iv. Prepare reaction:
a) Place ~ 100pmol of protein in the reaction Eppendorf.

b) Add 10ul of 500bp DNA handles (just after DTT removal). Re-

action starts meanwhile final concentrations are adjusted.

¢) Determine the 500bp DNA handles concentration by Abs260.
Use a 1 : 50 dilution. Concentration should be around 20uM.

d) Adjust the concentration of the 500bp handles and DTDP-protein
to ~ 12uM and ~ 4uM respectively. The reaction ratio should
be4:1.

v. Let the reaction run overnight.

vi. Analyze the reaction by 4% SDS-PAGE stained with silver nitrate to
follow DNA.

In Tab. are detailed the composition of the buffers required to

synthesize the molecular construct with barnase.
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Dissolve 10 g Tryptone, 5 g Yeast extract and 10 g
NaCl in 900ml. Adjust volume to 1l and autoclave.
Store at room temperature (~ 25°C).

Ampillcin 00
mg/ml

Dissolve 1 g of ampicillin in 10 ml of sterile water. Fil-
ter the solution through 0.22um disposable filters un-
der sterile conditions. Store at —20°C in 1ml aliquots.

IPTG 100 mM

Dissolve 238 mg of IPTG into 10ml of sterile water.
Filter through a 0.22um disposable filter under sterile
conditions. Store at —20°C in aliquots.

Wash-
Equilibration
Buffer

Dilute 5x the commercial stock solution (pH 7.5 or pH
8.0) with water. Add 3 volumes of water to 1 volume
of 5x commercial buffer. Adjust the pH to 7.5 with
HCl and adjust the final volume with water.

Elution buffer

Dilute 10x the commercial stock solution with water.

NaPi

Mix 50 ml of 1M NaH,PO4 with 50ml of Na,HPO,
and add 350ml of water. Adjust the pH to 7.0 with
HClI and bring the final volume to 5000ml. Autoclave
and store at 4°C.

NaPi/EDTA

Mix 19ml of 1M NaH,PO4 with 10ml of NayHPO,
and 0.5ml of 0.2M EDTA and add 70ml of water. Ad-
just pH to 8.0 with HCl and level to 100ml. Autoclave
and store at 4°C.

Table A.1.: Composition of the buffer required to synthesize protein
barnase
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FIRST-TIME FEEDBACK FT DERIVATION AND CTF
LIMIT

Here, we present the derivation of the detailed and full work fluctuation
theorem (work-FT) for the first-time feedback (1'TF) protocol. As a
corollary, we derive the continuous-time feedback (CTF) limit.

In pulling experiments the force is ramped with a constant loading
rate rp. Measurements are made as a function of time or trap position
A (the natural control parameter in our optical tweezers setup). In the
18'TF protocol measurements are taken at a predetermined set of trap
positions along the pulling curve, {A4;0 < k < M}, ie., at given times
{t;;0 < k < M} starting from an initial time, fp = 0, up to a final time
tp1. Therefore, a total number of M — 1 observations are made for each

trajectory (the initial and final times are excluded) implying that M > 2.

The force and A limits in pulling experiments are such that the molecule
is always folded (F) at A¢g and unfolded (U) at Ap;. At each predeter-
mined Ay position the force is measured, and the state of the molecule,
F or U, is determined depending on whether it falls in the folded or un-
folded branch (fr(A), fi(A)). Therefore, each stochastic state trajectory
I is defined by a sequence of F and U, T = {FO,....Fk**l,Uk*,..., uMy
(1 < k* < M). The 15TF protocol changes the loading rate from the
initial value rr to a second value rq; the first time ¢ an unfolding event
is observed at Ag.. It is important to stress the notion of first time event.

In the above trajectory I', the first part of the sequence of measurements
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until position A, {FO,....Fk**l}, only contains F symbols, whereas the
second part between Ap- and the limit Ay, , {Uk*, .‘..UM}, always starts
in U at Ap« and ends in U at Ap; with either none or multiple (even)

hopping transitions (F == U) in-between.

To derive the detailed work-FT, first we define the total forward work
probability, p—, (W|k*), conditioned to the first unfolding event taking
place at Ap: (1 < k* < M):

k-1

p— (WIk*) = / ( TT [oacsnes Wis1)dWyesq]
k=0
X0a s (WS(W = Wy — .. — W —W’)) . (B.1)

In Eq.(B:1) pp, ., (Wit1) is the forward work distribution for the sec-
tion Ay — Agyq in the first part of the trajectory 0 < k < k* —1 and
Ohs —sAm (W’) is the forward work distribution for the second part of the
trajectory, A= — Ap. Following the notation in Chap. [3} Ag = A, and
AM = Amax-

Second, we define the reverse work distributions along the two parts
of trajectory I' (before and after the first unfolding event at Ay-). By
definition, the reverse process is the time reverse of the forward one,
i.e., the loading rate in the reverse process equals r;; between Ap; and
A« changing to rp between Ay~ and Ag. To determine the reverse work
distributions, we used the extended version of Crooks-FT introduced

in [50]:

1. Case 0 <k < k*—1:

PAe— Ak (WkJrl) =
Wk+1 - AGak,trkH + kBTlog (4)415"1 )
Tk+
PAp=Arsa (—Wii1) exp kT

(B.2)

In equation (B:2), ¢, , is the fraction of forward trajectories condi-

tioned to begin at state 0y in A and end in state 0y at Ag4q. @5, is
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the fraction of reverse trajectories conditioned to be in 0y 1 at Ay
and end in state o}, at A;. These fractions (forward and reverse) are
measured at pulling rate rr. AGg, 0., = Gopps (Akt1) — Gop (Ag) is
the partial free energy difference between states oj 1 at A1 and
0y at Ag. The partial free energy G,(A) of any state (¢ = F,U) ata
given A equals Gy(A) = —kpTlog Z,(A) where Z,(A) is the parti-
tion function restricted to the set of configurations of state ¢ at the
trap position A. Remember that in this first part of I', 0, = F for
0<k<k*—1and o =U.

2. Case k* <k <N:

Pre—an (W) =

/ W' — AGop. oy + kT log (‘5,& ) @
orn s (W) exp - 2

Here, ¢, is the fraction of forward trajectories conditioned to start
in 0p- at A+ and end in o3y at Apy. <p§k* is the fraction of reverse
trajectories conditioned to start in o at Ay and end in o3« at Ag.
In contrast with the previous case, these fractions (forward and
reverse) are measured at pulling rate ry;. By definition, the state
of the molecule at A is always U, so 0y« = U. Moreover, all the
forward trajectories end in U at Ay, so oy = U and ([);VI =1in
Eq.(B3). Analogously, AGe,.,0,, = AGu,u = Gu(Am) — Gu(Ag) is
the partial free energy difference between state U at Apy) and Ap..

In Egs. and (B:3), kp is the Boltzmann constant and T is the tem-
perature. In the following lines, to lighten notation, we keep oy, 0+, onm

as free variables. Only at the end, we replace them with oy = F for
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0 <k <k*—1and 0}, oy = U. Inserting Egs. and into
Eq.(B.1) leads

k=1
oo (WIK') = [ [ Il dwm] -
=0

k-1
AW'S(W— Y Wiy —W')-A-B
k=0

where f =1/kgT and,

with

k-1
B= H p/\k(f/\kJrl(_Wk+1)p21k*<~/\M(_W,)
k=0

.
k=1 W1 —AGs o . +ksTlo ( i )]
eﬁ[ k1= AGo0 HhaTlog| g2

A =

0
[
.eﬁ [W/,AGUk* o +kBT10g<(£T"M>] _

— A AT A

k=1 *_ ’
A/ = H eﬁwk+l . eﬂw/ = 6‘8(2;::01 Wk+1+w) = E.BW

k=0
k-1
A — H efﬁAGng+1 .e—ﬁAGnkwM _
k=0
k-1
_ ele kg{] AG”kr"kH *.BAng*,th _ e*ﬁAGF,u

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)
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k-1 5kBT10g<ifk—> ﬁkBT10g<"’i§;)
A I—[ e ) e Sorg ) —

k=0
k’ﬁl e
*— — $o, * Yo
N T = R

— — T k=1
k=0 4)17/( 1 ¢UM
* kl:[O 4>U_k>+1 4)0_1\>/1

k*ﬁz EE
’ u,u,re F.U uu
k=0 PhAin ‘PM*HM Do ene PAam

T k2 Uy L EU AT
1 4,21?_) e ‘PAk*H\M Prre 1= P —Am
k=0

_ lf/;k* . pg,k* (Yu) B
B Pper Pg,k*("F) ©9)

where in Egs. and (B.g), we used 0y = F, o)y = U. In addition, in

the last line of Eq.(B.g), we have introduced a multiplicative factor equal

to 1 (4>/l\lk’}l’rf / qﬁ}fk’*u’:‘“ ). Moreover, in the last line of Eq.(B.g) we adopted
“AMm =

a specific notation for the conditional probabilities or fractions ¢5,_, ¢,/.,,

¢5.. and ¢, previously introduced in Egs. and (see Tab. [B.1).

The conditional probabilities are:

F,F : . . . _
L ¢y p,., 1s the fraction of reverse trajectories where 03 = F at Ay
conditioned to oy, = F at Ay, q. This fraction is measured with

the unloading rate rr.

2. qbiki Ay 18 the fraction of forward trajectories where 0y, = F at
Ak11 conditioned to o; = F at Ay. This fraction is measured with

the loading rate rr.

U,U,r;
(P/\k* —Aum

starting at o)y = U at Aps. As explicitly indicated in the notation,

is the fraction of reverse trajectories where oy = U at A

this fraction is measured at the unloading rate rr.

4. 4)25{1 A 8 the fraction of reverse trajectories where 0«1 = F at
Ak conditioned to 03+ = U at Ay-. This fraction is measured with

the unloading rate rr
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5. cp/i?f] A 18 the fraction of forward trajectories where oy« = U at
A+ conditioned to 03«_1 = F at Ap«_q. This fraction is measured

with the unloading rate rr;

uu . . o _
6. ¢y ), s the fraction of reverse trajectories where op. = U at

A starting at oy = U at Apy. This fraction is measured with the

unloading rate ry;.

uu
4’/\,(* —AM

Ap conditioned to 0« = U at Ag«. This fraction is measured with

is the fraction of forward trajectories where o3y = U at

the loading rate ry;. Note that, because all trajectories end in U at

A the fraction 4))l\lk*u A, €quals 1.

Note that in items 4 and 5 we have introduced the quantities (pii{l e

and cpikﬁl ).~ both measured with the loading rate rf.
notation in notation in
measured at
Eq. Egs. (B-2) and
F,F i _ _
Prrc e ¢5, with o = 0j4q = F rF
F,F — ; _ _
Prrres $or,, Withop =0y =F r
u,u,r, : _ —
(P/\k*(;iM (P;.:* with opx = oy = U 83
FU — : _r. _
(P)Lk*q(—)\k* (ka*,] with oj«_1 = F,00- = U T
F.u . _r. —
(P)Lk*fl—?)\k* (P;k)* with 0ps_1 = F,00- = U re
uu : _ _
DAl rm b5, with opx = oy = U ru
uu _ : _ —
‘P/\k*—MM(_l) Goy, With of = oy = U Ty

Table B.1.: Notations.

To demonstrate the last equality in the last line of Eq.(B.g) we group

into a single product all fractions regarding reverse transitions at the un-
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loading rate rf in the numerator ((p Ak P cp /\k* A ¢/l{k»}l:§xm)’ and all

fractions of forward transitions at the unloading rate r¢ in the denomi-

nator (¢/\ A 4’Ak* A We define

H ‘PAk—mM ‘/’Ak* A ‘PA,(MA =P (B.10)

uurr _
H ‘P/\ke)\m %M 1%/\kx4’/\”ﬁ\ lPk (B.11)

Pp-(1 < k* < M) is the fraction of forward trajectories that start in F
at Ag and are observed to be in U for the first time at Ay with loading
rate rp. Y- (1 < k* < M) is the fraction of reverse trajectories that

start in U at Ap; and are observed to be in U for the last time at Ay«

k=2
with unloading rate rr. Notice that for k* = 1, the products ] in Egs.
k=0

and are equal to 1. We stress two facts: 1) both ¢y, . are

fractions measured at the single pulling rate rr without feedback and;
2) the notion of first and last time is bound to trajectories I' defined as
sequences of observations at the predetermined measurement positions
Ak as they are defined in the 15'TF protocol, irrespective of what is the

state of the molecule at other intermediate (unobserved) positions.

Finally, in Eq.(B.9), (p/\k* eny = P (ru) is the fraction of reverse
trajectories that start in U at Ap; and are observed to be in U at Ay«
at the unloading rate r;. According to this definition, we also have
qbklk}f_rﬁw = p4 g (rg), a term that also appears in the denominator of

the last fraction in Eq.(B.g).

Inserting Egs. in Eq.(B.6) and then in Eq.(B.4), we re-

mark that A can be taken out of the integral in Eq.(B4). The remaining
integral in Eq.(B4) contains only the term B from Eq.(B.5), which yields
the reverse work distribution p. (—W|k*). We stress that the reverse

work distribution is conditioned to forward process, through the first
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unfolding event observed at Ay along that process. Putting everything

together we get the detailed work-FT for the 15tTF protocol,

~ (Wk*
% =exp [B(W —AGpu +kpT])]
@k* PE Kk (ru) B
el <’/’k* Py ) =M (B.12)

In equation , Ji+ denotes for the partial thermodynamic informa-
tion and depends on four basic quantities (-, Py, pg’k* (re), pg,k* (ru))-
These quantities are experimentally measured in protocols without feed-
back at the pulling rate rr along the forward process ({-) and the re-
verse process ({y-, pg/k* (rp)), and at the pulling rate r{; along the reverse
process (pli,k* (ru))-

From Eq.(B.12), we derive the full work-FT for the 15'TF protocol. The

full work-distribution in the forward process is given by:

_ Zp% W‘k eﬁ W AGFu+kBT]k)1/] —

—  PW=AGH) 2p<_ W|k e]" Py =

BW=AGru) | oL o (=WIk) el .
il el

M

PRI (B.13)
k=1
where, in the last line we have multiplied and divided by the term
Zﬁi 1 ¢ - . This allows us to define the reverse full-work distribution
for the 15tTF protocol,

LiLy pe (= Wk)ele o v

p (W) = = T g . (B.14)
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Notice that p. (W) is properly normalized. Finally we get:

p— (W) B(W—AGry+ksTY )
—_— = ¢ B.1
P (- W) ®15)

The term Y in Eq. is the thermodynamic information and equals

v _
Yy = log [Z 1/Jk€]k} log [Z Yr——— P () : lpk}
k=1

k=1 P<_k(r ) Wk
M Pg k(ru) ~ >
=1 E A -7 B.16
M Og (k_l pg’k(r]?) ll)k ( 1 )

Continus-time limit

To conclude this appendix, we determine the partial and full thermo-
dynamic information, J(A) and Y, for the Continuous-Time Feedback

(CTF) case corresponding to the limit M — co.

In this limit Eqs.(B.2f{B.16) hold but with the continuous variable A re-
placing the discrete variable k. The partial thermodynamic information

Ji becomes the continuous function J(A) defined as:

(A1) 9(A

with equivalent definitions for the continuous first unfolding (1) and
last folding ¢(A) distributions, and p (A, ry), and p¥ (A, rp). The full
thermodynamic information Y, is determined by taking the continuous
limit, A1 = A + AA, where AA — 0, and writing the sum in Eq.(B.16)

as an integral:

o [ P )
== (L B ) o

255



256 FIRST-TIME FEEDBACK FT DERIVATION AND CTF LIMIT



FLUCTUATION THEOREM FOR DISCRETE-TIME
FEEDBACK

Here, we derive the detailed and full FT for the discrete-time feedback
(DTF) using two different methods, either as the 1S'TE-FT limit for M = 2
or by directly applying the extended-FT [50] by classifying trajectories

according to the measurement outcome at the intermediate position A;.

First, we derived the full and partial fluctuation theorem for DTF by
considering the 15'TF-FT with M = 2 (see App. . In this case state
measurement sequences are of the type I = {0y = F, 0y, op = U}
corresponding to the three different measurements trap positions (A):

Ap, A1 and Ap. The relevant quantities in Egs. (B.12), (B.15), and (B.16)

are Uy, P, pg «(E), pg (r7), which for the relevant trap positions are:

1. For k = 0 (Ag = Ayip): By definition all the forward (reverse) trajec-
tories start (end) are in F at Ag, i.e. pgro(rp) =0and pli,o(ru) =0.
For the same reason, the probability to see the last refolding event
at Ag is zero (p = 0).

2. For k = 1 (Aq): pgrl(rp) # 0 and pgll(ru) # 0. Moreover,
the fact that the molecule always starts in F (U) and ends in U
(F) during the forward (reverse) process implies that the proba-
bility to observe the first (last) unfolding (refolding) event at A;
equals the probability to be in U at A1 during the forward (reverse)
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process. This holds for all pulling rate values: ; = pg/l(l’}"),
% = PEJ(VF)

3. Fork =2 (A = Auax): By definition the probability to be in U at A
equals 1 because all forward (reverse) trajectories end (start) in U,
ie., pgrz(rp) = pglz(ru) = 1. Moreover, the fact that the molecule
always starts in F (U) and ends in U (F) during the forward (re-
verse) process implies that the probability to observe the first (last)
unfolding (refolding) event at A, equals the probability that the
molecule is in F at A during the forward (reverse) process. This
holds for all pulling rate values: ¢, = pi/l(rp), P = pi/l(rp).

The different values of p ,, ¢, ¥ (k = 1,2) are presented in Tab.

Ao A A2

plore) =0 | pLo(rp) #0 | pY,(rF) =1
plo(ru) =0 | pLo(ru) #0 | pi,(ru) =1

o =0 Y1 =p% (rE) | g2 =pF, 1 (rE)
o =0 ¥ = PE,l("F) ¥y = Pi,l(”F)

Table C.1.: Fractions for DTF.

From the results presented in Tab. we calculate the partial and
full thermodynamic information, J; = Iy, J» = Ir (Eq.(B:12)) and Y,

(Eq.(B16))
u
_ _ p(—,l (Tu)
F
_ _ p%,l (71:)
= 1= (5200

(C.1)

=
1
i
—
3
&
Z
N———

Yz = log (p!! 1 (ru) +
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Second, we derived the detailed and full work-FT in DTF by classify-
ing the trajectories in two classes depending on the observation made
at Aq : 1) the system is in F at A or, 2) the system is in U at A;. We
use the extended-FT [50] to calculate the detailed work-FT for each class
of trajectories, first between Ay = A, and A, next between A; and
A> = Auax. These results are then combined to extract the detailed
work-FT, for each class of trajectories, for the full pulling cycle between
Ao = Amin and Ay = Apax.

The detailed work-FT, in the range Ay — A4, is given by [50]:

pE (A1) paga, (WIF)
pL (A1) oaga, (—WIF

] = exp (,B(W - AG?%MD (C.2a)

],’)E) ()‘1) PAo, M (W‘ u)
P (A1) pag, (W)

= exp (5(w - Acgggl)) (C.2b)

where AG}_\%?{I) is the free energy difference between state F (U) at
A1 and state F at Ag. pp,a, (W|F(U)) is the work distribution for the
class of forward trajectories that start in F at Ag and end in F (U) at
M. Par (=WIF(U)) is the corresponding reverse work distribution.
pi(u) (A1) are the probabilities in the forward process to be in F (U) at
A1 conditioned to start in F at Ay. pﬂu) (A1) are the probabilities in
the reverse process to be in F at Ay conditioned to start in F (U) at A;.

As mentioned before, by definition pf_(u) (A1) = 1 because the system

always ends in F at Ag. All quantities in Egs. and are

measured at the pulling rate rr.

Analogously, the detailed work-FT in the range A1 — Ay, is given by:

pi()‘l) p/\l,/\z(W|F)
pE(A117F) pay 2, (—WIE, 7E)

= exp (;3(w - AGQ;}Z)) (C3a)

Ph(A) pan (W)
pg (Al,ru) p)\‘l,)\z(_w|u/ ru

= e (/s(w - AGQ,{QZ)) (C.3b)
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where AG;\ZG)Z,U is the free energy difference between state U at Ay
and state F (U) at Ay, py, 2, (W|F(U)) is the work distribution for the
class of forward trajectories that start in F (U) at A; and end in U
at Ap. a2, (=WIF(U),rp(y)) is the corresponding reverse work dis-
tribution at the corresponding unloading rate, rr (Eq. (C3a)) and ry
(Eq. (C3D)). p Al are the probabilities in the forward process to
be in U at A, conditioned to start at F (U) in A;. Remember, by def-
(u

inition pi (A1) = 1 because the molecule always ends in U at A;.
pﬂu) (A1]vp(1)) are the probabilities in the reverse process to be in F (U)
at A; conditioned to start in U at A, with unloading rate rr (ry;). The

unloading rate value for quantities in the reverse process are explicitly
indicated in Eqs. (C:2a) and (C.2b)).

From Egs.(C.2a} |C.2b} |C.3a} [C.3b), we calculated the partial forward

work distributions across the whole range A,;;, — Apax for the two

classes of trajectories:

SWIE) = [ oagr, (WilF)on, 1, (WalF)
X(S(W — Wl - Wz)dwldWZ (C4a)

SOV = [ oo, (Wi 1o, 1, (WalU)
X§(W — Wl - Wz)dwldWZ . (C4b)

Putting everything together, we obtain the detailed work-FTs for DTF.

L (WIF
% = exp (B(W — AGpy + kpTIE))
L(wWiu
% = exp (B(W — AGry +kpTIy))
with Iy = log (p l‘ip(ur“)> (C.5b)
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where AGry = AGY A(l by + AG’\‘(A)Z = Gu(Amax) — GF(Amin) is the full

free-energy dlfference To simplify Egs. ( and (C5b), we dropped
the argument A, from the fractions pl (e ) )(/\1) Equations and
(C5b) are the detailed feedback-FTs for the two set of trajectories mea-

sured using the DTFE.

From Egs. and (C.5b), we computed the full work-FT as follows:

ps(W) = oo (WIF)pE, + o (W) pY,
= pe(7w)e(ﬁ(W*AGFu+k8T10g[Pi(TF)+P3(VU)]))
where:
pe(— )= (C6)
(PE (e (*WIF,?F)+Pli(fu)Pe(*W|U,Vu)).

(PE(re) + ()
Therefore, we obtain the full work-FT for DTF:
p— (W) _ _
Pe(*w) = exp (ﬁ(w AGpy + kBTYZ))
with Y, = log <p<F_ (re) + Pli (i’u)) (C»)
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PHENOMENOLOGICAL SIMULATION DETAILS

Here, we present how we simulated the pulling experiments where the
trap position, A, is the control parameter. The forward and reverse tra-
jectories are generated as a first-order Markov chain where, for a given

value of A and force, f, it is satisfied that:

M) = xDpnalf) +xu(f) +xp(f) - (D.1)

In Eq. (D), x,(f) is the position of the trapped bead relative to the
center of the optical trap; x;,(f) is the end-to-end distance of the dsDNA
handles; and x7,, , is the end-to-end distance of the DNA hairpin, which
depends on the state of the molecule (¢ = F, U). The latter defines two
force branches, one when the DNA hairpin is folded and the other when

the hairpin is unfolded.

To determine the two force branches, first we need to determine the
extension of each element at a given A, i.e., at a given force. On one

hand, xtrqp(f) satisfies:

‘fHooke‘ = ktrapxb (D.2)

being kirap the trap stiffness (kirgp = 0.06 — 0.068 pN/nm). In this sim-
ple approximation (Hooke’s law), the bead behaves as a Brownian par-

ticle under the action of two opposing springs (the optical trap and the
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molecular construct), hence the white noise due to thermal fluctuations

satisfies:
kgT
+ky

kpTk2

(o) =
ke +kp

T (6f%) = (D.3)
where k7  is the stiffness of the molecular construct. It is given by
1/kS, 1 = 1/ky +1/k% 4) where kj, and kpp 4 are the stiffness of the ds-
DNA handle and the DNA hairpin. These stiffness values are calculated
as dx(f)/9f, being x the molecular extension of the dsDNA handles and
the DNA hairpin. Furthermore, the elastic response of the dsDNA han-
dles and the unfolded DNA hairpin is well described by the Worm-Like

Chain model (experimental details can be found in Chap. @,

_ kBT X -2
fwie = a, ((1 - fc) +4fc - 1) (D.4)

where kg is the Boltzmann’s constant and T is the temperature. fwic
is the measured force at a given end-to-end extension x of the dsDNA
handles and the unfolded hairpin; L, is the persistence length (L, =
10nm for the dsDNA handles and L, = 1.34nm for the unfolded DNA
hairpin at 25°C[6) and L. is the contour length (L. = 58bp - 0.34nm /bp =
19.72nm for the dsDNA handles and L. = Ndb being N the number
of bases and d; the inter-phosphate distance (0.59 nm at 25°C) for the
unfolded DNA hairpin). Besides, the folded DNA hairpin behaves as a
dipole of length (dyp = 2 nm) of extension:

x4(f) = do {coth ( ]f;”;) — %} (D.5)

To simulate pulling experiment, we calculate the unfolding, k— (A1), and
refolding, k. (A), kinetic rates as described in [112]. The kinetic rates

are defined as:

ko (A) =koexp (f%) (D.6a)

B(A) — AGFu()\)>

ke (A) =koexp (— kT (D.6b)
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where B(A) is the kinetic barrier, k is the attempt rate (kg = 8-103s71)
and AGpy;(A) is the energy difference between states F and U at a given

A. The latter is determined as:
AGry(A) = AGry + AWENA + AWE, + AWE, (D.7)

where AGpy; is the folding free energy of the DNA hairpin (AGry =
51 kgT for the hairpin used in Chap. ; AWELIIVA is the stretching
contribution of the unfolded hairpin (WJN4 = fOXgNA fwrc (x")dx") mi-
nus the orientation contribution of the folded DNA hairpin (WFD NA —
fox’FJNA fa(x')dx') with f;(x) the inverse function of Eq. (D5); AW}, is
the stretching contribution of the handles (AW}, = f;;{? Ffwrce (x)dx")
where the limits are the end-to-end distances at a given A evaluated at
the different forces, when the hairpin is folded and unfolded; AW};U
is the work done to displace the bead with respect to the center of
the optical trap between the folded and unfolded branches (AWI?u =

u
f;gb fHooke(x,)dxl)-

Finally the kinetic barrier B(A) is derived using the Kramers solution
to the one-dimensional diffusion problem in the unzipping molecular

free energy landscape described by the nearest-neighbour model [112]:

n=0n'=0

N n 7 ,
B(A) = kgTlog (Z ) exp {AGn(A)kBTAG" Mq) . (D.8)

In Eq.(D:8), AG,(A) is the free energy of the hairpin determined by the
number of opened base-pairs, n, at a given A. This energy is calculated

as

AGn(A) =

.X’PNA ! / X;; ! ! .xZ ! !
AGnJr/O fwre(x')dx +/0 fwrc(x')dx +/0 Fooke (X")dx" .
(D.9)

Here, xDN4 is the extension of DNA when only 7 base-pairs are opened,

xj; and x} are the extension of the handles and the bead position when
only n base-pairs are opened.
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The simulated trajectories are generated as follows: the forward tra-
jectory is initialized at the folded state (1 = 0) at A,;;, = 0 nm, while
the reverse one is initialized at the unfolded state (n = N) at Ay, €.g.,
Amax = 300 nm. During the simulation the relaxation of the handles and
the bead is assumed to be instantaneous. The steps of the algorithm for

the forward (reverse) process are:

1. A increases (decreases) by the amount rAt /kj,, were r is the loading
rate and At is the inverse of the data acquisition frequency (At =
0.001s).

2. Eq.(D.1) is solved according to the state of the hairpin to find the
value of the force f acting on the experimental setup. Moreover,
to be more realistic we added a Gaussian noise of zero mean and
variance given by Eq.(D.3) to the measured A and f.

3. We calculate the probability to observe an unfolding or folding
transition as: k_, (A) - At if the molecule is folded or as k. (A) - At

if the molecule is unfolded.

4. We compare the transition probability with an uniformly distributed
random number between 0 and 1. If the probability is larger than
the random number we change the state of the molecule in the

next step, otherwise the molecule remains in the same state.



FOLDING FREE ENERGY, ENTROPY AND ENTHALPY

| @ w0 ®
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Y AG, , -AG,,

E AG, AGp
—

ok D =@
| |

Folded Unfolded

Figure E.1.: Scheme of the different thermodynamic steps to measure
AGq. Stretching of the folded molecule (1 — 2), unfolding
at a given force (2 — 3), releasing of the unfolded molecule
(3 = 4), and unfolding at zero force (1 — 4).

To derive the folding free energy at zero force, AGp, from single-
molecule force spectroscopy experiments we consider four different con-
figurations or states of the molecule (Fig: @ folded molecule at
zero force; @ folded molecule at a given force f; @ unfolded molecule
at the same force f; and @ unfolded molecule at zero force. Notice
that the direct unfolding pathway at zero force 1—4, observed in bulk
experiments, can be decomposed as the sum of three sequential steps

(1—4 =12+ 23 + 3—4).
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The three steps are as follows. Step 1—2: folded molecule is reversibly
pulled from zero force to a final force f. In this case the free energy
difference equals the sum of the reversible work of stretching the han-
dles and displacing the bead in the optical trap, AGy,_1,(0 — f), and the
reversible work to orient the folded molecule, AG4(0 — f). This con-
tribution is analogous to orient a dipole of length 2nm diameter for the
dsDNA hairpin and ~ 3nm for barnase. Step 2—3: folded molecule is
reversibly unfolded (denaturated) at a constant force f. In this step the
free energy difference, AG(f), equals the free energy of the stretched
polypeptide chain or ssDNA minus the folding free energy of folded
molecule, at force f. Step 3—4: the stretched polypeptide chain or ss-
DNA is reversibly relaxed from f to zero force. The free energy differ-
ence in this step equals the reversible work of releasing the polypeptide
chain or ssDNA from force f to 0 (-AGp (0 — f)) plus the reversible work
of relaxing the handles and the bead in the optical trap from f to zero
(equal to -AGy,_p(0 — f), from step 1—2). Thermodynamic energy dif-
ferences are path-independent so AG(1 — 4) = AG(1 — 2) + AG(2 —
3) + AG(3 — 4). This gives,

AGo = AG4(0 — f) + AG(f) — AGp(0 — f) (E.1)

The same balance equation holds for enthalpy (AHj) and entropy (ASp).
Notice that AG;, (0 — f) does not appear in Eq as it cancels out
when adding steps 1—2 and 3—4.

It is worth mentioning that the unfolding transition at constant force
can be measured in instruments where the force is the natural control pa-
rameter (e.g., in magnetic tweezers). In contrast, in optical tweezers force
cannot be controlled unless force feedback is applied. As a consequence,
in most of the single-molecule experiments using optical tweezers (as
the hopping and pulling presented above), the unfolding transition does
not occur at fixed force f but at fixed trap position (A). Indeed, when
pulling with optical tweezers the unfolding transition is observed as a

sudden force rip which occurs at fixed A. Therefore free energy differ-
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ences in the force-ensemble, AG(f), are Legendre transforms of those

measured in the A-ensemble.

A major contribution in Eq is the elastic term AG, for unfolded
molecule, which is often modelled as a semiflexible polymer. The term
AGq stands for the elastic energy of aligning a molecular-sized dipole
along the force axis. As the dipole extension is much shorter than the
contour length of the polypeptide chain, AG,(0 — f) > AG4(0 — f) at
all forces. The relative magnitude of AG, (0 — f) and AG(f) depends on
the difference between f and the coexistence force f., which is defined
as the force at which the folded and unfolded molecule have equal free

energies, i.e.,, AG(f;) = 0. Equationgives for f = fc,
AGy = —AGp(0 = fo) +AGq(0 — fc) . (E.2)

The stretching free energy of the different elastic elements at a given

force f can be obtained by using the well-known expression

f
AG(0 = ) = = [ x(ff (E3)

where i=p,d, whereas x;(f) stands for the molecular extension of the un-
folded and folded states. The difference in molecular extension between
both states, AA, is given by the difference in trap position in the FDCs

obtained from pulling experiments at a fixed force,
AM(f) = xp(f) = xa(f) - (E4)
Combining the previous equations we obtain the relation,
fe(T)
AGo(T) = [ BA( TS, (E.5)

showing that the knowledge of f(T) and the measured AA(f, T) permits

to determine AGy at a given temperature T.
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The folding entropy and enthalpy are directly derived from Eq.
As it is known from thermodynamics, ASy = —dAGy/dT and AHy =
AGy — TASy. For the entropy we find,

af’ . (E.6)

T) QA
AS(T) = _afS(TT)M(fC(T))_/Of L T)

The first term of Eq. is analogous to the Clausius-Clapeyron equa-
tion for first-order phase transitions, where f and A are the equivalent of
pressure and volume. The second term in Eq[E.f]is the entropic contri-
bution to stretch and orient the unfolded and folded (dipole) molecule

from zero force to f,.

Equations [E.5|and Eq[E.6|are the basic thermodynamic formulas used
throughout this thesis to determine AGy(T), ASo(T), AHy(T) for the
protein barnase and different DNA hairpins.



FOLDING FREE ENERGY DETERMINATION FROM
SMES

In this appendix, we would provide the mathematical details of the de-
rived energy shown in App. [El In SMEs where the force is controlled,
e.g., magnetic tweezers or optical tweezers instruments with force feed-
back algorithms, the free energy difference between the unfolded and
native states of the molecule under study are measured at a given force,
AG(f), which is defined as

AG(f) = Gu(f) = Gn(f), (E1)

where Gy;(f) and Gy(f) are the free energies of the unfolded (U) and
native (N) states at force f, respectively. Taking the native molecule, e.g.,
protein or DNA/RNA hairpins, at zero force as reference state, Gy;(f)
and Gy /(f) are calculated as in [25],

Gulf) = - [ Au(saf + G (P2
an(f) =~ [ antss’ (Pab)

with AGg(> 0) the free energy of the random coil state relative to the
native state. Here, A;; and Ay are the extension of the system when the

271



272

FOLDING FREE ENERGY DETERMINATION FROM SMES

molecule is in U and N at a given force f. Moreover, the extension of

the system A is decomposed as:

Au(f) = xp(f) +xu(f) +xu(f) (F.3a)
AN(f) = xp(f) + xu(f) + xn(f) (E:3b)

where x,(f) is the displacement of the bead with respect to the center
of the optical trap; x;(f) is the extension of the dsDNA handles; x{;(f)
is the extension of the unfolded molecule; and, xx(f) is the extension of
the native state along the force axis.

Introducing Egs. and to Eq[F1]and taking into considera-
tion Egs.(F3a) and (E3D), we obtain,

s =- T [ utar vacor ¥ [Tuisar =

i=bu 0 i=b,i,N (F.4)
f f
= 8Go— [ xu(df + [ xw(r)df

where the bead and handles contributions cancel out. The two integrals
of x;(f) and xn(f) in Eq.(F4) equal the free energies required to stretch
the unfolded molecule and orient the native state, respectively. In a more

compact form,

26U = 860~ [ ru() ~ xn (s’ = 8Go~ [ safar’ Es)

where xq;(f) — xn(f) stands for the difference in trap position at a given
force AA(f). In addition, Eq. evaluated at the coexistence force
gives,

AG(f) = 8Go ~ [ aa(P)af = a6~ [ ma(af =0 e

In contrast, in SMEs where the position of one the ends of the molec-
ular construct is controlled, e.g., the optical tweezers instrument used
throughout this thesis, the energy difference between N and U is mea-

sured at two different forces, when the molecule is U and N. In par-
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ticular, in pulling experiments the molecular construction is driven out
of equilibrium from an initial position (f;, Ayin) Where the molecule
is always in its native state to a final position (fuax, Amax) Where it is
always unfolded. The energy difference between these two points, AG,,
is defined as

AG) = G — Gy (F.7)

where Gi\[’"” and Gﬁf”” are the free energies of the unfolded and native
states relative to the native state at zero force (corresponding to A = 0)
which is taken as reference state. Free energies in Eq@ are the Legendre
transforms of EqJF1]

G/\””"‘ = Gf"mx +Au (fmux)fmux (F.8a)
G min Gfmm + /\N(fmm)fmm A (ng)

where Gf "”“/ Jnex is obtained from Eqs. (F2a) and (F2h

fnmx
Gl == [ du(r)af +aGo (E92)

. fmin
Gl == [ anhar (Egb)

Introducing Egs.(E8a) and (F8b) and Egs. (E9a) and (Fgb) into Eq[F7]

we obtain
AG, =
fnmx
- / Au(f)df’ + AGo + Au(fimax) fmax+ (F.10)

fmm
+/ df /\N(fmzn)fmm .

Considering the definitions of A;; and Ay in Egs.(F3a) and (F3b), and

integrating by parts, we obtain the final expression for AG,:

AG, =

'xi( nmx) "X ( mtlx) 'XN< znin)
:AGO‘F‘Z {/x(f ﬁ(x')dx’} +/0 uls fu(x’)dx'f/ ) f

i mm)
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or, in abbreviated form,

AGy = AGy + WSS (F11a)
Wilas _ AGZ\nn‘n_)/\max + AGI/i\minﬁ)\max + AG&‘W\nmx _ AGON—N\mm (F.11b)

being le“s the stretching contributions of the different elements in-

volved in the SMEs. The different terms in Eq.(F11b) are defined as

xh(fmax)
AG/\min‘))lmux :/ yNdx' F.12a
) (o) fo(x) (F12a)
Xn (finax)
AG;l\minﬁ/\mnx :/ g fh(x/)dxl (F.lzb)
xh(fmin)
X <fzmzx)
AG(L)IH/\WM _ /O u fu(x’)dx’ (F.12¢0)
X (fmirz)
AG?\]—MW _ /0 N fn(xydx! (F.12d)

where fi(x) is the inverse function of the elastic response, x;(f), of the
different elements (b, h, U, and N).
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