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A B S T R A C T

Muscle is the tissue responsible for the locomotion of the body and
for the beating of the heart, thanks to its ability to generate active
forces upon contraction. A large number of protein/protein inter-
actions are involved in the stabilisation of the muscular tissue. Sur-
prisingly, many of those interactions ehibit low affinities. Hence, the
question arises how weak bonds can provide long-term myocyte co-
hesion and adhesion. The work presented in this thesis deals with
two weak protein/protein interactions, the first involving α-actinin
and titin, the other talin and integrin. To mechanically probe the
strength of the bonds between single protein pairs, optical tweez-
ers were employed, since they allow high resolution force measure-
ments in the low-piconewton range.

Titin acts as a molecular spring, restoring the muscle resting
length after the tissue is streched, but how it is connected to the
cytoskeleton is still a matter of debate. The interaction of titin with
the actin crosslinker α-actinin has been proposed as a candidate
for titin anchoring. Upon force application with optical tweezers,
we found that the bond between α-actinin and titin broke apart at
forces lower than those which are physiologically relevant. The un-
binding forces were strongly dependent on the pulling geometry,
but the lifetime of a single bond never exceeded 2 s. Since titin has
seven similar α-actinin binding motifs, we probed different interac-
tions and observed that only three motifs bind α-actinin with sig-
nificant mechanical stability. We propose a model explaining how
the concerted action of many parallel bonds can provide long-term
anchoring of titin.

With similar methods we studied the interaction between talin
and integrin, required for the lateral adhesion of parallel myocytes
and for the connection with tendon cells. We found talin and in-
tegrin to detach at low forces, with lifetimes lower than 100 ms
even in the absence of load. Such fast kinetics suggest that a sta-
ble connection can be achieved only with many parallel bonds, or if
other interactions are involved. We further investigated the affinity
of the bond using the competitive binding of an integrin molecule
tethered to talin versus one free in solution, and measured values
comparable to those found in literature. These experiments will fa-
cilitate the further investigation of the coordinated role of the cell
membrane and different integrin substrates in connecting together
the cytoskeleton and the extracellular matrix.
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And the eighth and final rule:
If this is your first night at Fight Club, you have to fight.

Tyler Durden
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1
I N T R O D U C T I O N

All eukaryotic cells are equipped with a network of filamentous
proteins, called the cytoskeleton. It maintains cell shape, provides
routes for internal trafficking and rapidly responds to extracellular
mechanical stimuli. This intracellular scaffold is formed by three
protein filaments, actin filaments, microtubules and intermediate
filaments [94].

The cytoskeleton’s structure and function can vary with species
and tissue. Myocytes, i.e. muscle cells, are dominated by actin fila-
ments, that are spatially organised with a symmetry absent in all
other cell types [132]. In particular, cells from striated muscle, a
category comprising the voluntary skeletal muscle and the invol-
untary cardiac muscle, retain a semi-crystalline organisation of the
cytoskeleton, which is essential to performing the task of converting
chemical energy into highly directed mechanical forces.

The hierarchical and pattern-like structure of striated muscle tis-
sues is also evident in the organisation of their smaller compo-
nents. The cardiac myocyte shown in Fig. 1A is composed of re-
peated small contractile units, called sarcomeres, which in turn are
formed from directed and precisely interdigitated cytoskeletal fila-
ments (Fig. 1B).

A Cardiomyocyte B Sarcomere

Fig. 1. Regularity of muscle cells. Electron micrographs of a cardiac muscle
cell (A), and of a single sarcomere (B). The precise spatio-temporal control
of the bonds involved in muscle assembly and maintenance results in the
observed semi-crystalline organisation of the sarcomere. From [74].

Despite its astonishing regularity, the sarcomere is not a static
structure. The rigidity required upon contraction is in fact com-
bined with a fine-tuned elasticity under stretching conditions. To
fulfil these different requirements, the sarcomere is composed of a
large number of specialised proteins. For instance, the molecular
motor myosin generates the force to contract the sarcomere, while
the elastic spring titin provides the stiffness to restore the resting
length after elongation [34]. The stable connectivity between the sin-
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2 introduction

gle components is indispensable for correctly transmitting forces
along the muscle: The contraction of the whole muscular tissue,
both that which initiates voluntary movements (skeletal muscle) or
that which pumps blood through the circulatory system (cardiac
muscle), is possible due to the tight connection between adjacent
sarcomeres. Likewise, body locomotion relies on the strong linkage
between muscles and bones, which is mediated by tendons. How
the sarcomere is assembled with such precision, how it retains its
structure regardless repetitive high stresses and how it achieves
structural adaptability, are still widely unexplored questions [46].
A comprehensive understanding of the molecular interactions may
help to unveil the mechanical properties of the muscle tissue, since
even a single point mutation within a protein can lead to severe
myopathies such as heart failure or muscular dystrophies [2, 19].

two important protein/protein interactions

This work examines the mechanical properties of interactions be-
tween myocyte-specific proteins.1 The first interaction investigated
involves α-actinin and titin, two proteins that interact at the edge
of each sarcomere, and have been proposed to maintain sarcomere
cohesion upon muscle stretching [34]. The second bond is formed
by talin and integrin, which mediate lateral adhesion of parallel
myocytes and connect them to tendon cells at the myotendinous
junction [4, 82], as shown in Fig. 2.

The affinities of the α-actinin/titin and talin/integrin interactions,
despite their important role, have been reported to be comparatively
low (in the micromolar range) [4, 56], which points to a low me-
chanical stability. This raises the question of which molecular mech-
anism leads to long-term cell cohesion and adhesion.

No comprehensive studies have been performed so far on the
forces at which these bonds break apart, nor on the force depen-
dence of the bond lifetimes. The measurement of such quantities re-
lies on the ability to apply and record a controlled load on the bond,
which cannot be done in bulk experiments. To this end, single-
molecule force-spectroscopy (SMFS) techniques have emerged in
recent times as powerful tools to manipulate isolated components
of various biological systems. Among the available SMFS methods,
optical tweezers have been employed in this work, because of the
expected low forces (on the order of piconewtons) involved in the
protein/protein interactions studied [60, 99].

1 The proteins studied in this thesis are either specific to muscle tissue, such as α-ac-
tinin 2 or titin, or are ubiquitous but have specific isoforms expressed in muscle
cells, such as integrin β1D and talin 2.
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Fig. 2. Myotendinous junction. A tendon cell (on the left) is connected
to a muscle cell (right). Talin connects the actin filaments to the extra-
cellular matrix through the interaction with the transmembrane protein
integrin. Longitudinal anchoring with tendon cells, as well as the lateral
connection between parallel myocytes, are mediated by integrin. The acto-
myosin organisation within a sarcomere is depicted in the muscle cell, and
the location of the α-actinin/titin bond is marked in pink. Adapted from
[77].

outline

This thesis is separated into three parts. A general introduction to
the techniques and methods employed is the topic of Part I. Chap-
ter 2 deals with the use of optical tweezers for the application of
forces on molecular systems, with a particular focus on protein/pro-
tein interactions and on the specifications of the employed experi-
mental setup. The background theoretical framework and the meth-
ods for data analysis are discussed in chapter 3.

The next two parts discuss the investigation of the two aforemen-
tioned protein/protein interactions. Part II deals with the mechani-
cal stability of the α-actinin/titin interaction. The open questions re-
garding sarcomere integrity upon muscle stretching are introduced
in chapter 4. α-Actinin binds titin in a region formed by up to seven
peptide motifs, called Z-repeats. Measurements of the interaction be-
tween α-actinin and the Z-repeat 7, for which structural data are
available, are described in chapter 5. Binding of α-actinin to other
Z-repeats was investigated in chapter 6, and a model proposed to
account for the concerted action of these multiple interactions in
keeping the muscle compact in the presence of stretching forces.

Part III sets the scene for the mechanical study of the talin/inte-
grin interaction. Chapter 7 comprises an introduction to force trans-
duction across the cell membrane—mediated by integrins—which
is fundamental to the load propagation from muscles to tendons.
This interaction is not muscle-specific, but is involved in many other
cellular processes. The mechanical response of the talin/integrin
bond under force is studied and presented in chapter 8. In chap-
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ter 9, a method for evaluating the competition between different
integrin binding partners is presented, and the outlook for future
work is given.



Part I

E X P E R I M E N TA L A P P R O A C H A N D M E T H O D S





2
S I N G L E M O L E C U L E
F O R C E S P E C T R O S C O P Y
U S I N G O P T I C A L
T W E E Z E R S

The scope of this chapter is to present the methods used
in this thesis. To exert loads on isolated molecules, some
techniques that can be grouped under the term single-
molecule force spectroscopy (SMFS) can be used. An in-
troduction to this field is given in Sec. 2.1. Among the
possible applications of SMFS techniques, the study of
protein/protein interaction mechanics will be discussed
in more detail (2.2), being the main topic of this work.
The technique applied in the work presented in this the-
sis, the optical tweezers, is further described (2.3), with a
focus on the setup utilised (2.4). The last two sections
deal with sample preparation (2.5) and measurement
protocols (2.6).

2.1 single-molecule force spectroscopy

In ensemble measurements, large numbers of molecules
are simultaneously monitored, and the average be-
haviour evaluated, whereas single-molecule experi-
ments enable the observation of the properties of in-
dividual components. The ability to measure single
molecules has enabled the measurement of the kinetics
of processes which are difficult to observe in bulk ex-
periments [21]. The step-wise activity of enzymes [87],
the motion of molecular motors [49] and the unfolding
behaviours of proteins [98] are some remarkable exam-
ples.

Single-molecule force spectroscopy (SMFS) tech-
niques allow the direct mechanical manipulation of iso-
lated biomolecules. This is of particular interest since
a range of cellular processes are driven and regu-
lated by mechanical forces. The most common tech-
niques for force application and detection at the single-
molecule level are atomic force microscopy (AFM),
optical twezeers and magnetic tweezers (reviewed in

7



8 smfs using optical tweezers

[88]). Moreover, a number of manipulation techniques
have been recently developed, from acoustic force spec-
troscopy [105] to DNA-based methods [30, 90]. The fol-
lowing sections deal with the technique used in this
work, optical tweezers (OT), in particular their appli-
cation for the study of protein/protein interactions. OT
are particularly suited to the application of low forces—
below 60 pN—with a distance resolution in the nanome-
ter range and a force resolution in the sub-pN range.

2.2 protein/protein interaction mechanics

A B

linker

ForceForce

Fig. 3. Schematic of a fusion
construct for SMFS measure-
ments. The proteins A and B
are expressed together, with
a linker connecting the C-
terminus of one protein with
the N-terminus of the second
one. Two pulling positions are
chosen, one on each protein, in
order to mechanically separate
them.

To study the mechanical properties of the bond be-
tween two proteins with SMFS techniques, it is crucial
to measure a sample where the two molecules—e. g. a
receptor A and a ligand B—are bound in a complex. A
possible strategy is to let the two components react in
solution and to isolate the complex fraction by size ex-
clusion chromatography [15, 32, 55].

If the unbinding and rebinding kinetics of the pro-
teins A and B are to be investigated, it is necessary to
link them in a site other than the one under study, in or-
der to keep the molecules in close proximity even after
mechanically-induced rupture of the interaction (Fig. 3).
If the only connection between the molecules is the in-
teraction under investigation, breaking this bond leads
to the loss of the construct.

A versatile method to connect small proteins, em-
ployed in this work, involves the creation of fusion con-
tructs, namely a single protein chain where A and B
are fused together by a linker (Fig. 3) [60, 99, 136]. The
linker must be long enough to allow the binding sites
of the two molecules to interact with each other. More-
over, it must have a “neutral” sequence, i.e., one that is
unlikely to affect the measurments (often a combination
of glycine and serine).

2.3 optical tweezers principles

Over the last three decades, optical tweezers have
emerged as an important method for the application of
forces to biological samples. While at first entire cells
and viruses were trapped [7, 8], soon the capability
of this technique was extended to the study of single
molecules linked to micro-sized beads. Pioneering ex-
periments ranged from the manipulation of RNA pol-
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ymerase [125] to molecular motors [16, 27] and DNA
[107, 124].

Optical tweezers rely on the interaction between mat-
ter and light, in particular on the ability of a highly fo-
cussed laser beam to trap dielectric objects. An exten-
sive theory of this phenomenon is not yet completed,
even though analytical solutions have been obtained for
different regimes and approximations [89]. A qualita-
tive understanding of optical tweezers principles can be
achieved in terms of geometric ray optics. Let us con-
sider a spherical bead of diameter d in the path of a
standard laser beam with a Gaussian power distribu-
tion, of wavelength λ. An optic ray description holds
in the regime (called Mie regime) where the bead size
is significantly larger than the wavelength of the light
field (λ � d). If the laser is focussed with a high nu-
merical aperture (NA) lens, it can be shown that stable
trapping can be achieved. The only requirement is that
the refractive index of the bead is higher than that of
the surrounding medium (Fig. 4 and Box 1).1

las
er

be
am 3D trap

high NA
lens

Fig. 4. Optical trapping princi-
ples. Photons (green) of a Gaus-
sian laser beam are refracted by
the beads. Due to the intensity
gradient, more photons are scat-
tered out from the center, thus
the net force on the beads (black
arrows) is directed towards the
beam center. Note that part of
the photons is also reflected,
pushing the bead even more in
the beam propagation direction.
To obtain a stable 3D trap (right
hand), an intensity gradient has
to be created also in the third di-
rection. High-NA lenses like ob-
jectives can be employed to this
end.

It is possible to trap dielectric particles also in other
regimes (λ & d), but the treatment is more complex,
and analytical solutions are not always possible [89, 114,
120].

box 1. trapping beads in the mie regime

Fig. 4 shows that, in case of displacement of the beads from
the center of the laser beam, the scattered light results in a
restoring force towards the intensity maximum (left hand side).
Photons carry momentum and are refracted from the beads,
changing their direction. Hence, equal and opposite forces are
applied by photons to the beads. The Gaussian profile causes
more photons to be deviated far from the beam center, leading
to a net force on the bead towards the center. In addition, the
beam will push the beads in the direction of light propagation
(this effect is amplified by the photons reflected by the beads),
along its central axis. To create a three-dimensional stable trap,
an intensity gradient has to be created also in the propagation
direction, for example using a lens with high numerical aper-
ture such as an objective.

In the plane perpendicular to the propagation direc-
tion, the trapping potential can be considered Gaussian.
This implies that for small displacements the potential
can be approximated with a parabola. The restoring

1 In this regime, the sphere does not need to be dielectric.



10 smfs using optical tweezers

force is thus linear, i. e. the trap is an Hookean spring
(Fig. 5).

The basic elements of an optical tweezers setup can
be summarised as follows, while more details on the
instrument employed in this work are given in the next
section:

Fig. 5. Restoring force ap-
plied on a 1 µm silica bead
by a 1064 nm-wavelength laser
beam, as a function of deflec-
tion, namely the distance be-
tween the bead and the trap cen-
ter. The restoring force has a
linear dependency around the
center, as shown by the fitting
line in blue. The linear depen-
dency comes from the fact that
the Gaussian potential can be
approximated with a parabola
around the center (in this case
within ±120 nm), thus in that
range the trap behaves as an
Hookean spring.

laser To create the optical trap. The laser typically has
a Gaussian intensity profile (TEM00) to increase the
lateral gradient, is infrared to reduce photodamage of
the samples and is fiber-coupled to reduce pointing
deviations.

steering devices To move the trap position and mod-
ulate the force applied to the molecule. The laser can
be mechanically steered by piezo mirrors or deflected
using crystals (acousto-optic deflectors).

high numerical aperture lens To obtain the high
3D intensity gradient needed to trap the beads. Oil-
immersion objectives can have a numerical aperture
up to 1.45, while water-immersion objective with high
NA (1.27) are also available.

detection devices To read out the position of the
beads with respect to the laser (termed deflec-
tion, Fig. 6), thus measuring the forces applied
to the molecules. Light-sensitive photodiodes are
commonly used, and back-focal-plane detection em-
ployed in order to record the relative distance be-
tween the trap center and the bead center.

2.4 experimental setup

Fig. 6. Schematic of force mea-
surements. The deflection x is
measured as the distance be-
tween the bead and the trap
centers. If a molecule is teth-
ered to the bead and the trap
is displaced, the bead is at equi-
librium between the force ap-
plied by the molecule Ftether and
the restoring force of the optical
trap Ftrap = kTx, proportional to
the deflection and the trap stiff-
ness kT.

The experiments were carried out on a dual-beam
optical tweezers setup recently built by Ulrich Merkel.
The laser beam is split by polarisation into two paths
that form two distinct optical traps in the sample plane.
The deflection is recorded using position sentitive de-
vices (PSD) in back-focal-plane detection. In the linear
range of the trap (Fig. 5), force is proportional to deflec-
tion. The spring constant (stiffness) of each trap, kT, is
calibrated using a method explained in [121], with re-
sulting stiffnesses between 0.15 and 0.25 pN/nm. The
error in the trap stiffness, and thus in the measured
force, is about 10 %. Data were acquired at a frequency
of 150 kHz, averaged and recorded at 30 kHz. The de-
flection signals of the two traps were first corrected for
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crosstalk [9], then sumed up to increase the signal-to-
noise ratio, and finally multiplied for the effective trap
stiffness keff = (k−1

T1
+ k−1

T2
)−1 (springs in series).

The design details are almost identical to those de-
scribed in [47], with the main difference being the abil-
ity to steer both traps,2 one with a two-axis piezoelec-
tric mirror tip/tilt actuator (“piezo mirror”, Mad City
Labs), the other with acousto-optic deflectors (“AODs”,
AA Opto Electronic). The AODs are very fast devices,
with a response time shorter than 10 µs, making them
particularly suitable for rapidly changing the trap posi-
tion (Fig. 7). AODs deflect light by making use of the
interaction between the laser beam and a sound wave
travelling through a crystal (more details in Box 2). The
transmittance of the crystal slightly depends on the de-
flecting angle (thus on the trap position), which makes
this device unsuitable for the application of force ramps.
By contrast, piezo mirrors deflect the laser beam with-
out affecting the transmittance, but the response time
is on the order of 1 ms. Hence, they are appropriate for
smoothly changing trap position (e. g. for application of
force-ramps, Fig. 7), but are not reliable for very rapidly
jumping between different positions.

Fig. 7. Dual beam optical tweez-
ers with two steerable traps
and a sample connected to both
beads. The right trap, controlled
by a piezo mirror, is used to ap-
ply “slow” loads, such as force
ramps. The left trap, controlled
by AODs, is moved only when a
rapid force change is required.

box 2. aod operation principles

An AOD is formed by a crystal through which a travelling
sound wave is sent by a digitally-controlled piezo element.
The pressure wave propagates through the crystal in a direc-
tion perpendicular to the laser beam, acting as a grid that de-
flects the incoming light (a more detailed description of AOD
principles involves quantum photon/phonon interaction and
will not be given here). This device permits rapid movements
(∼10 µs) of the trap position by tuning the wavelength of the
sound wave. The major drawback is that the transmittance
varies with respect of the wavelenght of the sound wave, af-
fecting the force signal. A correction is thus necessary for the
analysis of force ramps performed with AODs [111].

The kinetic and mechanical properties of the proteins
under investigation were assessed using a number of

2 The double-streerable-beam approach has been designed in order to
improve the quality of confocal-fluorescence experiments combined
with optical tweezers, since a single mobile trap would displace the
protein out of the confocal volume of the exitacion laser. By mov-
ing both traps at the same time, the protein can be kept at a fixed
position with respect of the sample chamber and the fluorescent
laser. The other additional advantage is that the piezo mirror and
the AODs can be used for different assay, as explained in the text.
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assays (force ramps and jumps have already been men-
tioned), which will be the topic of the next section.

2.5 dumbbell assay formation

To be able to apply forces on a protein construct using
dual-beam optical tweezers, the protein has to be cou-
pled to the micronsized beads that are trapped in the
laser foci (Fig. 8). The main steps of the experiment are
summarised below (more details in appendix C):

Fig. 8. Schematic of the dumb-
bell assay employed to ap-
ply and measure an exter-
nal load to single proteins. A
fusion construct, where pro-
teins A and B are fused to-
gether via a linker, is bound
to maleimide-modified oligonu-
cleotides by means of terminal
cysteines. The oligonucleotides
are coupled to DNA handles
with different terminal modifi-
cations (digoxigenin or biotin),
which in turn bind functional-
ized (with anti-digoxigenin or
streptavidin) beads.

cys

DNA handle

cys

Alinker

B

DNA handle

DNA oligonucleotide

biotin/streptavidindigoxigenin/anti-digoxigenin

protein expression and purification The first
step is the preparation of the protein sample. All
proteins in this work were expressed in E. coli by
means of standard recombinant DNA techniques.
The proteins were mutated in order to carry only
two cysteine residues in the positions were the
force application was necessary. To avoid unwanted
conjugation, all internal cysteines have been mutated.

attachment of short oligonucleotides The pu-
rified protein was incubated with short maleimide-
modified oligonucleotides termed oligos in the re-
mainder of the text (34 bp) to form covalent bonds
with the cysteines.3 This sample was then purified
using a size exclusion column to select the fraction
containing proteins with two bound oligos, that were
aliquoted and shock frozen. The next steps can be per-
formed within a day, after defrosting the sample.

dumbbell preparation The protein reacted with
oligos was further incubated with long dsDNA
molecules called handles. At one end, a single
stranded overhang complementary to the oligo se-
quence is present, allowing hybridisation. At the
other end, the handles carry a modification, allowing
coupling with 1 µm functionalized silica beads. Half
of the molecules were biotin modified while the other

3 Appendix B deals with other methods for protein-oligo coupling, as
alternatives to cysteine modification.
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half were digoxigenin modified. After incubation of
the protein-oligo-handles reaction with streptavidin-
coated beads, a final reaction was prepared with ad-
dition of anti-digoxigenin-coated beads. Since silica
beads release free oxygen radicals when irradiated by
the laser, a scavenger system was added to this mix-
ture, to avoid damage to the protein.

trapping One bead of each type was trapped in a
dual-beam optical tweezers setup, and the dumbbell
formed by bringing them in close proximity. The two
bead types can be distinguished because the anti-
digoxigenin beads are fluorescently labelled.

2.6 experimental assays

The ability to obtain a proper description of the binding
kinetics of a certain interaction, as well as the folding
properties of a protein domain, depends on the precise
control of the applied force. A number of measurement
protocols are presented, that cover a wide spectrum of
solutions for the obstacles encountered while investigat-
ing kinetic networks.

The observation of single domain transitions between
the folded (native) and unfolded states will be used as a
prototype to explain the assays. If two proteins A and B
are linked together, as introduced in Sec. 2.2, the same
protocols can be used to study the binding/unbinding
kinetics, since the breakage of the bond can be treated
in the same way as an unfolding event.
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Fig. 9. Force ramps. One trap
is moved at a constant veloc-
ity with a triangular function
(above). The force vs. extension
graph (below) shows protein un-
folding/refolding events, associ-
ated with both a change in force
and extension (see Fig. 10).

Fig. 10. A protein (orange)
betweeen two DNA handles
(black) is unfolded in dual-
beam optical tweezers. Upon
unfolding, the extension of the
tether increases, the bead deflec-
tion x decreases, and so does
the measured force. Note that
bead movements are exagger-
ated, for clarity. In the employed
setup, beads never move more
than ∼10 % of their radii (Fig. 5).
Some graphs are plotted vs. the
trap distance, defined as the dis-
tance between the laser foci mi-
nus the sum of the beads radii.

The basic force-spectroscopy assay con-
sists in the application of load using repeated cycles
at constant speed (Fig. 9), obtained by moving one
laser beam with a triangular wave while keeping the
other trap fixed. In this way the molecule is stretched
with increasing forces and the experimenter can lo-
cate the force range of the unfolding events. The data
are typically displayed as the force on the beads mea-
sured as a function of the tether extension. The un-
folding of a protein domain leads to a relaxation (de-
crease of the force signal) together with an elongation
(increase of the extension), as illustrated in Fig. 10.
Hence, the force/extension trace is a fingerprint of
the molecule under study. Moreover, the assay allows
protein refolding in the descending part of the cycle,



14 smfs using optical tweezers

where the force is continuously decreased, usually
down to zero load.

passive mode Although all energetic and kinetic pa-
rameters of the system can be extracted by repeti-
tively stretching and relaxing the molecule, it is easier
to explore the energy landscape at equilibrium, per-
forming passive-mode experiments. In this case, the
two traps are kept at a fixed distance, and the sys-
tem is able to explore different conformations at equi-
librium. The force is recorded at a fixed sample rate
for a certain time, as shown in Fig. 11. In analogy
with force-ramp traces, an unfolding event is associ-
ated with a drop in the force signal. If the state transi-
tions are fast enough,4 this method allows the collec-
tion of several folding/unfolding events at the same
force level, from which the average lifetime can be ex-
tracted. This can be useful for studying the system ki-
netics at forces of physiological relevance, or, if a num-
ber of traces at different pre-tensions are recorded, to
precisely track the force dependence of the transition
rates.

τ
U

τ
N state N

state U

Trap distance

F
or

ce

Time

Fig. 11. Passive mode. The dis-
tance between the traps is kept
constant and the force value
recorded over time. Unfolding
events are visualised as sudden
drops in the force signal, as
shown in the lower graph. The
data are sorted into native (N)
and unfolded (U) states, and the
lifetime of each dwell event (τN
or τU) measured.

jump assay
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Fig. 12. Jump assay. The trap dis-
tance is varied between two po-
sitions. Refolding is more likely
to take place at the low force
level, unfolding at the high one.
The high level allows extrac-
tion of unfolding rate (from τN),
the low level of refolding rates
(from τU).

When slow kinetics are involved,5 it may
require a long time to collect a statistically relevant
amount of data at equilibrium. For instance, at high
pre-loads, refolding events become more and more
rare. In such cases, it is possible to relax the system
by keeping it at low force, thus favoring refolding,
and then to jump up to high forces to observe the
unfolding. (Fig. 12). An elegant approach towards
achieving such an effect is the jump assay, where the
trap distance is abruptly changed from low to high
force conditions. For this purpose, it is fundamental
to change the trap position—namely the pre-load—as
fast as possible, in order to “freeze” the system while
moving from one force level to the other. Using the
jump assay, the unfolding kinetics can be assessed at
high forces, the refolding kinetics at low forces. In
the first application of this method [100] the jump

4 The stability of a dual-beam optical trap allows the observation of
the same molecule for as long as an hour. Folding/unfolding events
with slow kinetics, e. g. in the order of a minute, can still be moni-
tored.

5 This can be due for a example to a high energy barrier between the
folded and the unfolded states. An extensive description of state
transitions based on energy landscapes will be given in the next
chapter.
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frequency was adjusted manually, i. e. the force level
was changed after the folding/unfolding event was
observed (Fig. 12). A more efficient and automated
way of collecting jump data is to rapidly switch be-
tween the two positions and later merge together the
data obtained in the high force level to extract the un-
folding transition, as well as those from the low force
level to evaluate refolding kinetics.6

competition assay
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Fig. 13. Competition assay. In
a passive-mode trace, the bind-
ing/unbinding of the tethered
ligand B is observed in compe-
tition with a free ligand in solu-
tion (above). When the tethered
ligand is unbound, the one in so-
lution has the possibility to bind
the substrate A, as shown by
the cyan events, corresponding
to the state depicted in the lower
schematic. At the right condi-
tions, i.e. by tuning the preload
and concentration of the ligand
in solution, the binding from so-
lution (cyan dwells) can be sep-
arated from the unbound state
(red dwells).

In the protein/protein interac-
tion studies presented in Sec. 2.2, linked molecules
allow the combined study of unbinding and rebind-
ing kinetics. The limit of such a system lies in the
fact that the rebinding kinetics depend on the linker
length, which determines the effective concentration of
the ligand B. Namely, the longer the linker, the slower
the binding. A precise estimation of the on-rates, thus
of the affinity, relies on the determination of the effec-
tive concentration, which is difficult to obtain based
on pure geometrical considerations.

To overcome this limitation, an approach similar to
that presented in [99] was employed, where the same
tethered ligand was also added in solution. A com-
petition between the fused and the free ligands is es-
tablished, and the concentration-dependent on-rates
can be precisely estimated, due to the known concen-
tration of the solution ligand. The binding of the so-
lution ligand B can occur only while the fused pro-
teins A and B are transiently detached, thus it can
be observed at the same force level as that of the
unbound state (Fig. 13). In order to distinguish such
events from the unbound states, different time scales
have to be involved. Namely, the lifetimes of the un-
bound dwells must shorter than the solution-bound
ones. The latter are force-independent, because the so-
lution ligand is not under load, while the former are
load-dependent. Hence, the competition assay has to
be performed in a force range where the rebinding ki-
netics (red dwells, Fig. 13) are significantly faster than
the zero-force unbinding kinetics (cyan dwells).

The competition assay is a method to observe force-
free binding and unbinding, using the original fusion
construct as a binding detector. Therefore, it can be

6 This approach is valid if the refolding is negligible at the high
force level, and the unfolding negligible at the low force level. This
hypothesis can be checked a posteriori, as explained in details in
Sec. 3.5.
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extended to the study of different ligands (other than
B) that bind the same substrate A.



3
T H E O RY A N D D ATA
A N A LY S I S

This chapter sets the scene for the analysis procedures,
together with the underlying theoretical background.
The description loosely follows the four experimental
assays of Sec. 2.6, where an introduction to present the
purposes and features of each assay was given. The
first section (3.1) deals with the framework of energy
landscapes, a common view for protein folding inter-
pretation. Afterwards, the analysis of force ramps (3.2),
passive-mode traces (3.3), jump (3.4) and competition
(3.5) experiments is described.

3.1 energy landscape theory

A

B

Fig. 14. Funnel theory of protein
folding. The energy of each con-
formation (vertical axis) is plot-
ted vs. the conformation (hor-
izontal plane). Since the the
molecule has three-dimensional
conformations, four dimensions
would be necessary for this plot.
The native conformation corre-
sponds to a minimum in the
free-energy landscape. (A) Ide-
alised smooth potential of a ba-
sic two-state system. (B) Rugged
potential, including traps and
barriers. Misfolded transitory
conformations can be explored
in the folding process (local min-
ima), and the native state can be
reached by different pathways.
Adapted from [72] and [22].

To illustrate the folding properties of a protein, the
free-energy landscape is a widely accepted concept,
since it offers both a visual as well as a quantitative
approach to the folding problem [24, 72]. Each point
on such a map is a possible three-dimensional confor-
mation of the molecule. In this model, the search for
the native (folded) conformation takes place by minimi-
sation of the free energy, as illustrated by the simplest
two-state funnel potential of Fig. 14A. A more realistic
landscape is the rugged potential depicted in Fig. 14B,
where the native state can be reached from different di-
rections, after visiting local minima that correspond to
partly folded (although not native) conformations.

If the protein is constrained in the dual-beam opti-
cal tweezers assay described in the previous chapter, it
is useful to project the two-state energy landscape of
Fig. 14A along a certain reaction coordinate,1 as shown
in Fig. 15. The application of an external force in the re-
action coordinate direction yields an additional poten-
tial U = −Fx, that substantially tilts the landscape [14,
25]. Therefore, the height of the energy barrier varies
with force, thus affecting the average time the system

1 In force-spectroscopy experiments, the pulling direction is an intu-
itive choice for such a coordinate.

17
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needs to overcome the barrier, known as first-passage
time.

This interpretation will be applied throughout this
chapter in order to describe the mechanical and kinetic
parameters of the system. It is important to note that
the theoretical toolkit presented for the analysis of fold-
ing/unfolding transitions (N↔U) can also be employed
for binding/unbinding of two proteins fused together
(A+B↔AB) [76].

3.2 force-ramp analysis

N
U

ENU

T

∆xNT
F = 0

F = F̄

F = 2F̃

U = −Fx

Fig. 15. Energy landscape of the
protein folding process. Force-
induced tilting of a two-state
system projected in one dimen-
sion. Native (N) and unfolded
(U) conformations are separated
by an energy barrier, where the
transition state (T) is located.
The external potential associ-
ated with a constant applied
force is shown in red.

The force data recorded during force ramps are dis-
played as a function of the tether extension (Fig. 10).
The stretching and relaxation cycles can overlap or show
hysteresis (the latter case in Fig. 17), depending on the
pulling speed and the energy landscape.2 The shape of
the force vs. extension curve of elastic polymers such
as DNA and proteins can be properly described us-
ing Worm-Like Chain models (WLC). The system under
study is a chain of DNA and protein molecules placed
in series.

Let us now consider the stretching cycle in Fig. 17

as an example. At low forces, when the protein is still
folded, the shape of the curve is dominated by the
DNA mechanics, which can be approximated by the
extensible Worm-Like Chain model (eWLC) [124]. Beside
the typical WLC properties of the polymer, namely the
persistence length LDNA and the contour length PDNA

(Box 3), the model includes a residual linear term with
stretch modulus K.

Fig. 16. Separation of a DNA
molecule in stiff rods, as stated
by the freely-jointed chain model.
Adapted from [94].

box 3. wlc model

Polymers such as nucleid acids and unfolded proteins, can be
described in the simplest model as a chain of stiff rods that
can rotate against each other—Freely jointed chain—as shown
in Fig. 16. A more appropriate description is given by WLC
model, where a chain of length L (contour length) is a single
rod bent by thermal energy in a continuous manner, as is the
case for flexible materials. The persistence length p is the min-
imal distance between uncorrelated points.

2 For instance, a higher energy barrier will require a higher force to
unfold the protein, i.e. more tilting of the energy landscape. For the
same reason, refolding will take place at lower forces upon relax-
ation.
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A number of functions have been derived to approx-
imate DNA elasticity, described in [124]. In this thesis,
force/extension data before any unfolding occurrence
(black dotted line in Fig. 17) are fitted using:

FeWLC(x) = kBT
pDNA

(
1
4

(
1− x

LDNA
+ F

K

)−2
− 1

4 +
x

LDNA
− F

K

)
. (1)

After an unfolding event occurs, the shape of the
curve is a combination of the stretching behaviour of
the DNA and the unfolded region of the protein. An
unfolded peptide chain follows a standard WLC model
[80, 98], where the protein contour length Lprot and the
persistence length pprot are the only parameters:

FWLC(x) = kBT
pprot

(
1
4

(
1− x

Lprot

)−2
− 1

4 +
x

Lprot

)
. (2)

The force/extension curve after protein unfolding is fit-
ted (red curve in Fig. 17) with a combination of Eqs. 1

and 2. Since DNA and protein are in series, they feel
the same force. The two equations are thus inverted in
x(F) and the sum of the two contributions is used to fit
the inverted extension/force plot. In this thesis, pprot is
kept fixed at 0.7 nm. Hence, the red fit in Fig. 17 has the
contour length of the protein Lprot as the only free pa-
rameter, since the DNA parameters have already been
computed in the first fit. This observation is especially
important if the data are subsequently transformed in
contour length space (Box 4).

Fig. 17. Example of force/exten-
sion graph for a single stretch
(green) and relax (yellow) cycle.
An unfolding event is marked
by an arrow. The fits are ob-
tained according to Eqs. 1 and
2 (see text). Lp is the protein
contour length, given by the red
fit if the DNA parameters have
been already computed from
the black fit.

Fig. 18. Contour length trans-
formation of data in Fig. 17.
All data following the black
fit shown in Fig. 17 are now
aligned at zero CL gain. After
the unfolding event, the CL in-
creases by a length Lp (the red
fit in Fig. 17). In this plot, a re-
folding event is also visible and
marked by an arrow. The CL
data are plotted against the trap
distance.

box 4. contour length (cl) transformation

In a constant-velocity trace, such as that depicted in Fig. 17, it
is possible to fit the curve before any protein unfolding has oc-
curred, allowing the extraction of the DNA mechanical param-
eters. Starting from this fit, the graph can be transformed in
contour length space. In practice, the transformation is equiv-
alent to the fit (red curve) obtained by combining Eqs. 1 and
2 (see discussion in the text). Since Lp is the only free fitting
parameter, the force value of each point can be converted to
contour length. The CL transformation of Fig. 17 is shown in
Fig. 18.

Repeated constant-velocity traces make the extraction
of the kinetic and energetic constants possible, e. g. us-
ing the Oberbarnscheidt method [91] or Crooks’ fluctuation
theorem [20]. An alternative way to explore the kinetics
is to perform a series of equilibrium experiments, as ex-
plained in the next section.
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3.3 passive-mode assay

Dual-beam optical traps have a high thermal and me-
chanical stability. Hence, they allow experiments where
the distance between the two laser foci is kept fixed
over time, and the force monitored, to be performed.
The system can explore the energy landscape at differ-
ent pre-tensions, and unfolding/unbinding events can
be detected if a length change is involved.

A

B

C

D

Fig. 19. Data sorting in two
states. (A) Raw data (grey) and
smoothed trace (black). (B) Sort-
ing of smoothed data by thresh-
old. Arrows mark misassigned
events. (C) HMM analysis on
raw data. (D) Force distribution
of the trace. Double-gaussian
fits (purple and red) and sum
curve (black).

Let us again consider for simplicity a two-state sys-
tem, for example a protein that experiences transi-
tions between the folded (native) and the unfolded
state, monitored by a single variable, in this case, force
(Fig. 19A).

hidden markov model The first step towards a char-
acterisation of the force-dependent kinetics is the sort-
ing of the raw data into different states . An intuitive
way to sort data in two states is to smooth the trace and
set a force threshold above which the points are asso-
ciated with the native state (Fig. 19B). If the raw data
heavily overlap as shown in the histogram in Fig. 19D,
a high filtering degree is required, to avoid the possi-
bility of incorrectly assigning events, for example those
marked by arrows in Fig. 19B. On the other hand, a high
filtering leads to a decrease in the temporal resolution,
resulting in the loss of short events or possible interme-
diate states.

A more sophisticated approach to assign states to raw
data is the use of Hidden Markov Models (HMM) [110].
These methods are based on the hypothesis that the
trajectory of a protein through the network of possi-
ble states is Markovian, namely a memoryless process.3

Since recorded data are limited to a certain sampling
rate, the discrete-time theory has to be applied. The ba-
sic argument is that, between two subsequent observa-
tions, the system has a constant probability (first-order
decay) of staying in the current state or transitioning
into another one (Fig. 20).

The analysis is performed by fixing the number of
states and the permitted connections between them. The
other prerequisites, adjustable by an iterative process,

3 The beads’ motion equation is that of an oscillator subjected to an
external step force due to the unfolding of the protein. Since the
system is in an overdamped condition, the memoryless hypothesis
holds.
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are the emission probabilities—the force distributions of
Fig. 19D—and the transition probabilities between the
states between two subsequent points (called Tij in
Fig. 20).

Fig. 20. Schematic of the HMM
principle in the discrete-time
case. At each time step, the sys-
tem has constant probabilities
Tij of staying in the current state
or jumping in the other one.
From [110].

The algorithm is based on the calculation of
the probability pforward that the system is in state i at
time t, considering the trajectory (force values) of all
points from 0 to t and given the emission and transi-
tion probabilities. The analogous probability pbackward
can be calculated by reverting the time axis,4 starting
from the last point of the time trace and moving back-
wards. The probabilites pforward and pbackward can be
multiplied (forward-backward algorithm) in order to as-
sign to each data point the most probable state (more
details in [110]).

a theory for the folding free energy After the
states have been assigned to the data, it is possible
to proceed with the extraction of the kinetic and ener-
getic constants. In particular, the free-energy difference
between two states i and j in a passive-mode experi-
ment Gij(Fi, Fj) is directly related to the occupancies—or
population probabilities—Pi(Fi) and Pj(Fj) by the Boltz-
mann distribution:

Pj(Fj)

Pi(Fi)
= exp

(
−Gij(Fi, Fj)

kBT

)
. (3)

The force Fi is the average value5 of all points assigned
to state i, and the occupancy Pi(Fi) is the fraction of
points assigned to state i.

In the dumbbell pulling geometry, the length change
due to a protein folding/unfolding event is shared
among all elastic components of the system, i.e. the por-
tion of protein already unfolded, the DNA handles and
the trapped beads (Fig. 10). For this reason, a model
was proposed (Berkemeier-Schlierf model) to account for
the additional energetic contribution of the elastic ele-
ments of the system [102].6 The free energy Gi(F) of the
system at force F, when the protein is in the state i, can
be written as the sum of the intrinsic energy of that state

4 In passive-mode experiments, the system is at equilibrium, thus it
follows the principle of detailed balance.

5 Note that at each state is associated a force value, in Eq. 3 Fi and Fj.
In the passive-mode assay, the length of the tether changes upon a
transition, so does force (Fig. 19).

6 The Berkemeier-Schlierf model was developed for AFM experi-
ments, and adapted to optical tweezers experiments in a dumbbell
assay by Gebhardt [37].
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Ei and the aforementioned contributions of beads, DNA
and unfolded protein regions:

Gi(F) = Ei + Gbeads(F) + GDNA(F) + Gprot
i (F). (4)

The terms related to DNA and protein unfolded regions
are simply derived from Eqs. 1 and 2, respectively:

GDNA(F) =
∫ xeWLC(F)

0
FeWLC(x′)dx′ , (5)

Gprot
i (F) =

∫ xWLC(F)

0
FWLC(x′)dx′ . (6)

The beads are subject to a parabolic potential in the lin-
ear region of the trap, as for an Hookean spring:

Gbeads(F) =
1
2

keffF2. (7)

Hence, the free-energy difference between the two states
i and j in a passive-mode trace is:

Gij(Fi, Fj) = Eij +Gbeads
ij (Fi, Fj)+GDNA

ij (Fi, Fj)+Gprot
ij (Fi, Fj).

(8)

estimation of the folding free-energy
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Fig. 21. Population probabil-
ity vs. force plot, with same
colouring as that of the previ-
ous graphs (red for unfolded,
purple for native). Each point
pair corresponds to a different
passive-mode trace. Note that a
pair is not aligned in force, be-
cause the force levels are dif-
ferent for native and unfolded
states. This effect also results in
the intersect not being at 0.5,
but at a higher value. Solid lines
are global fits obtained follow-
ing Eq. 9.

A sin-
gle passive-mode trace already allows the extraction
of the (force-independent) folding energy Eij in Eq. 8.
The force-induced energy difference Gij(Fi, Fj) is given
by Eq. 3, by computing the population probabilities. In
the example of Fig. 19, the system is under an average
load of 3.5 pN and spends the same time in the na-
tive (N) and in the unfolded (U) state,7 meaning that
GUN(FU = 3.2, FN = 3.8) ≈ 0. The other terms of Eq. 8

can be computed from the fitting functions of force-
ramps and from the trap calibration.

To determine the folding free-energy with higher preci-
sion, one possibility is to record different passive-mode
traces at varying force, and to average the free-energy
values extracted. A more elegant and exact way to ob-
tain a single value for Eij from a number of passive-
mode traces is a global fit of the population probabilities
vs. force plot (an example in Fig. 21). Recalling that the
sum of the occupancies of each trace is unity, from Eq.
3 one gets

Pi(Fi) =
1

1 + ∑i 6=j exp
(
−Gij(Fi ,Fj)

kBT

) . (9)

7 Using the model of force-tilted potential in Fig. 15, this situation
would correspond to the middle graph, where force drives the two
states at about the same energy level.
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All points can be fitted simultaneously (Eij are the only
free parameters), which is of particular interest if more
than two states are present. The unfolding/unbinding
midpoint force can be precisely determined from the fit
(Box 5).

Using this method, it is also possible to control whether
the data are correctly described by the model. The most
relevant error in the free energies comes from the force
calibration, and is estimated to be about 10 %, a value
that will be used in this work.

box 5. midpoint force

A concept widely used within this thesis is the average force of
an unfolding (or unbinding) transition. Given the population
probability plot of Fig. 21, the midforce is the force where the
two branches intersect, which is a simple estimate of the aver-
age transition force. This number clearly neglects the force de-
pendence of the probability shifts, i.e. the slope of the curves,
which is related to the CL difference between the two states.
Nonetheless, it is usually a good indicator of the force that the
construct can withstand.
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Fig. 22. Average lifetime extrac-
tion. (A) Dwell events scatter
plot. Each event is a dot, rep-
resented as the average force
of the event as a function of
the dwell time (in log plot). (B)
Dwell time integrated probabili-
ties. In red, a single exponential
distribution fitted with Eq. 10

(dotted line). In purple, a dou-
ble exponential distribution fit-
ted using Eq. 10 (dotted line)
and Eq. 11 (solid line).

The HMM-based state assign-
ment of a passive-mode trace further allows the extrac-
tion of the kinetic parameters, i.e. the rate constants.

A useful way of visualizing the time-scale of dwell
events is to create a dwell time scatter plot. Each dwell
event (a series of consecutive points with the same
colour) can be plotted as the average force value vs.
the time length, called dwell time (Fig. 22A). In a fur-
ther analysis, the force axis can be converted to contour
length space.

To compute the average lifetime, the dwell times of
each state are cumulated in a normalised histogram
(Fig. 22B). This plot can be interpreted as the probability
P(t) that a random dwell event lasts less or equal than t.
For first-order reactions, the distribution is expected to
be single exponential. Hence, to interpolate these distri-
butions, an exponential function is employed, corrected
with cut-offs for the shortest (τmin) and the longest (τmax)
detectable events:8

p(t) =
exp(−kt)− exp(−kτmin)

exp(−kτmax)− exp(−kτmin)
. (10)

8 In this thesis, the length of the time trace is used as τmax, and the
temporal resolution for τmin. The latter depends on the pre-tension
and ranges from 0.5 to 1 ms.
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The fit returns the force-dependent rate constant
k = ki(F) of state i at force F.

There may be cases where two different conforma-
tional states of the system show the same contour
length, e.g. a misfolded state with the native CL, or
a ligand-stabilised conformation. In such a case, the
dwelltime cumulative distribution is expected to be
double-exponential,9 where A1 and A2 are the relative
occurrences of the two states, and k1 and k2 the respec-
tive rate constants. The dwelltime integrated probability
can be fitted using the following function:

p(t) =
A1(exp(−k1t)− exp(−k1τmin)) + A2(exp(−k2t)− exp(−k2τmin))

A1(exp(−k1τmax)− exp(−k1τmin)) + A2(exp(−k2τmax)− exp(−k2τmin))
, (11)

corrected as before with the cut-offs. The errors in the
rates are calculated using the Jackknife method [103].

force dependence of transition rates Perform-
ing the previous rate analysis for different passive-
mode traces offers the opportunity to evaluate the force-
dependent kinetics of the system (called a chevron plot,
Fig. 23). The first theoretical interpretation was pro-
vided by Bell and Zhurkov [14], based on the force-
dependent tilting of the energy landscape already intro-
duced in Fig. 15. At equilibrium, the Boltzmann equa-
tion (Eq. 3) also holds for the transition rates kij = ki→j,
with:

Pj(Fj)

Pi(Fi)
=

kij(Fi)

k ji(Fj)
. (12)

The Zhurkov-Bell model considers transitions between a
state i and the transition state T, at the top of the energy
barrier. It assumes a force-independent distance ∆xiT
to the transition state, while the free-energy difference
∆GiT(F) is the only force-dependent term. According to
this model, a constant force F modifies the off-rate of
state i as:

ki(F) = k′0 exp
(
−∆GiT(F)

kBT

)
= k0 exp

(
F ∆xiT

kBT

)
(13)

where k0 = k′0 ∆GiT(F = 0) is the zero-force rate con-
stant.10 A fit of the rate vs. force plot with Eq. 13 re-
turns the two free parameters k0 and ∆xiT (dotted lines
of Fig. 23).
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1086420
Force

Fig. 23. Example of a rates
vs. force chevron plot (rates are
in log mode). Unfolding (pur-
ple) and folding (red) rates,
fitted with the Zhurkov-Bell
model (dotted lines) and with
the Berkemeier-Schlierf model
(solid lines). Note that, in log
mode, the Zhurkov-Bell fit is a
line.

9 To experimentally observe different folding/binding modes, the
two kinetics must be separated.

10 To obtain the final form of the rate constant force-dependence, the
simple argument employed is that ∆GiT(F) = ∆GiT(F = 0)− F∆xiT .
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The Zhurkov-Bell model is not the most accurate in-
terpretation of data obtained with the dumbbell assay.
When the system performs a transition from i into T,
the contour length of the protein changes. As previously
discussed, a change in CL affects the elastic behaviour
of all elastic elements of the system, i.e. beads, DNA
and unfolded protein regions, as in Eq. 8. To account
for the elastic behaviour, a more sophisticated model
was introduced by Berkemeier and Schlierf [102], by re-
placing the energy difference ∆GiT(F) in Eq. 13 with the
comprehensive energy of Eq. 8, with the added external
potential −Fx. The resulting fitting function is bent, es-
pecially at low forces, as shown in Fig. 23 (solid lines).11

3.4 jump assay

Jump experiments are carried out to obtain the unfold-
ing kinetics at forces higher than those accessible with
passive-mode traces. As introduced in Sec. 2.6, the ba-
sic experiment involves rapidly driving the system be-
tween low and high force conditions. An example is
shown in Fig. 24A, together with the step stimulus ob-
tained by changing position to the AOD-controlled trap.
Further analysis relies on the hypothesis that the kinet-
ics at the two forces are well separated, in this case
meaning that the unfolding is negligible at the low force
level, as it is the refolding at high force conditions. If this
hypothesis is satisfied, the high level can be used to ex-
tract the unfolding kinetics. To automate the unfolding
rate calculation, data collected at the same trap position
are merged to form a passive-mode-like trace (Fig. 24B),
enabling an HMM analysis.
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Fig. 24. Jump assay. (A) 200 ms
excerpt of a jump trace where
the trap position were changed
every 10 ms. Colours refer to
HMM analysis (folded state in
purple, unfolded state in red).
(B) Merged data from the upper
level of a longer trace.
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Fig. 25. Hydrodynamic relax-
ation of the AOD-controlled
bead. (A) Schematic of the
recorded data for a single jump
for a folded (purple) and un-
folded (red) protein. Force is
proportional to the difference
between the trap distance and
the bead position. (B) Align-
ment of 50 jumps ending up
in the folded (purple) and un-
folded (red) states, where the av-
erage of all jumps is shown as
big dots and exponential fits to
the average data as lines.

The merged data in Fig. 24B show visible spikes in
conjunction with the jumps. The origin of this effect can
be ascribed to the short rise time of an AOD-driven
laser movement (< 10 µs), which makes it possible to
detect the hydrodynamic relaxation of the bead in the
AOD-controlled trap. Fig. 25A depicts a schematic of
the recorded data with each jump: The force signal, pro-
portional to the difference between the trap position and
the bead position, shows a spike after a jump towards
a higher force is applied, although the real force on the
tether rises monotonically. The bead position changes in
the same way. The spike in the force signal immediately
after a change in trap position leads to the incorrect as-

11 This was first experimentally confirmed in [99].
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signment of the hydrodynamic-related spikes as unfold-
ing events, especially if the data analysis is automated
with the Hidden Markov algorithm (Fig. 24A).12

To evaluate the influence of the hydrodynamic effect,
the alignment of the force signal of 50 jumps ending
up in either the unfolded or the folded state was plot-
ted (Fig. 25B). A fit of the average force signal with an
exponential function13 returns the relaxation time τbead
of the beads, namely 65 µs for the folded state and 87 µs
for the unfolded state. Using a safe upper limit of 100 µs,
the signal is expected to settle to the steady-state within
about 3τbead = 300 µs (9 points at the sampling fre-
quency of 30 kHz). In this work, after each jump a cor-
rection was adopted, where the first 9 data points were
substituted by a copy of the following 9 data points.14
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Fig. 26. Merged data as in
Fig. 24B, but with the first 9 data
points after each jump corrected
as explained in the text.

After the correction of the data (Fig. 26), the unfold-
ing rates at high forces can be extracted from the high
position level as described for the passive-mode trace
analysis.

3.5 competition assay

In Sec. 2.6 the competition assay was introduced as a
tool for the measurement of the binding affinity be-
tween two proteins.

In a fusion contruct (see Fig. 3), the interaction be-
tween the two proteins can be probed by force. Unbind-
ing/rebinding transitions in passive-mode traces are
analogous15 to unfolding/refolding events in Fig. 19.

12 Some more details relating to the jump assay and the Hidden
Markov classifier. Firstly, it may be asked why the HMM succeeds
in detecting ∼5-point events (∼ 150 µs), despite the fact that the
usual cut-off is at least 3 times higher (> 500 µs). The reason is that
the high force level of the spikes makes the algorithm significantly
more efficient in assigning the points to the folded state. Secondly,
how can one be sure that the system didn’t actually refold in the
10 ms spent at zero force, and that the spikes are not short-lived
folded events? Here, kinetic arguments can be used to demonstrate
that such a high frequency of short events does not fit the single-
exponential distribution expected for the dwelltimes.

13 The relaxation of a bead in a parabolic potential (optical trap) under
overdamped conditions is exponential.

14 Note that the detection of real folded events is not affected, since
the cut-off introduced by this correction is 300+ 300 µs, only slightly
bigger than the usual minimal cut-off.

15 To be precise, unbinding kinetics can be accurately studied if
the breakage of the bond can be separated from the unfolding
of the domains. This is a common case for weak bonds, where
the binding/unbinding kinetics is observed at lower forces than
those required to unfold the domains, like for filamin ligands
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In a classical bimolecular reaction:

A + B
kon−−⇀↽−−
koff

AB,

at equilibrium the ratio between the concentrations of re-
actants and products is constant, and equals the ratio
between the off- and the on-rates. The dissociation con-
stant KD is defined as such a ratio:16

KD =
[A][B]
[AB]

=
koff

kon
. (14)

A way to interpret the dissociation constant is by using
the Langmuir binding model [94], where for simplicity
A is considered as a substrate and B as a ligand. Fixing
the concentration of substrate A, KD is the concentration
of ligand B at which half of substrate sites are occupied.
The probability of a site A being free is:

Punbound =
1

1 + KD
[B]

. (15)

This equation comes from the definition of Pbound =

[AB]/([A] + [AB]), the substitution of [AB] with the def-
inition of KD (Eq. 14), and finally considering the rela-
tionship Punbound = 1− Pbound.

In a single molecule experiment using a fusion con-
struct, a single pair of proteins A and B is employed. In
this case, the estimation of the binding affinity depends
on the effective concentration of the ligand [B], which is
difficult to determine with precision (Box 6).

The competition assay overcomes the previous lim-
itations, thanks to the addition of the same ligand to
solution at a known concentration [B]. Binding from
solution occurs at the same force level as that of the
open state of the fusion construct, i. e. when the teth-
ered molecules A and B are detached. The example in
Fig. 27 shows that, at sufficiently low preloads, binding
from solution is distinguishable from the open state by
lifetime.

The off-rates can be simply extracted from the aver-
age lifetime of the cyan states, namely τbound = k−1

off .

[99]. If unfolding-upon-unbinding occurs, for example in the tit-
in/telethonin complex [15], it is difficult to separate the two kinetics,
and what is discussed below does not hold anymore.

16 Note that the units of the on- and off-rates are different. [koff] = s−1

is concentration independent, because the unbinding purely de-
pends on the strength of the bond. On the other hand, [kon] =
s−1M−1, because the binding is dependent on the concentration of
the ligand.
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box 6. affinity from fusion constructs

Using a fusion construct, the dissociation constant can be es-
timated using Eq. 15. The probability of finding A and B un-
bound Punbound is the zero-force value of the occupancy vs.
force plot, extracted from the fit of the graph (Eq. 9 and Fig. 21).
This estimation of KD relies on the knowledge of the concen-
tration of ligand [B], which may seem a contradictory concept,
since only one ligand is present in the experiment. In fact,
the linker between the molecules sets the concentration of the
ligand. Fixing one molecule A in space, the ligand B is con-
strained by the linker to a finite volume, that determines its
effective concentration [B]. This value is difficult to measure or
calculate, thus leading to a high uncertainty in the extraction
of KD. In analogy, the estimate of the binding affinity from
the rates (Eq. 14) suffers from the same limitations. The av-
erage lifetime of the unbound state, accessible to the experi-
ments, is related to the pseudo-first order rate τunbound = k̃−1

on ,
which is in turn dependent on the effective concentration of
the ligand [B], k̃on = kon[B]. Again, the data obtained from
a fusion construct are linker-dependent, as longer linkers will
lead to a smaller effective concentration, thus to slower rebind-
ing. The competition assay introduces a new state in the kinetic
network, but the concentration of the ligand [B] in solution is
known.

To estimate the on-rates, it has to be recalled that only
the open conformation (green) of the fusion construct is
able to bind the ligand from solution, since in the closed
conformation (purple) the binding site is occupied by
the tethered ligand. Hence, the dwell time of a bind-
ing event is evaluated by summing up the total time
spent in the open state (yellow dwell), between two sub-
sequent appearances of cyan events. The pseudo first-
order on-rate k̃on is obtained from a single exponential
fit of the cumulative yellow dwell time distribution. The
dissociation constant is

KD =
koff

k̃on
[B]. (16)

Fig. 27. Competition assay. The
binding from solution (cyan)
quenches the rapid transitions
between the open (green) and
closed (purple) conformation of
the fusion contruct. To estimate
the on-rates, the time spent by
the system in the open confor-
mation between two consecu-
tive cyan events is summed up
(yellow dwell event).
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Note that by combining the Boltzmann equation to
Eq. 15, the dissociation constant can be linked to the
binding free-energy Ebinding:

KD = [B] exp
(
−Ebinding

kBT

)
. (17)
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T I T I N A N C H O R I N G I N
T H E Z - D I S K

Striated muscle sarcomeres are formed by a network of
proteins that retain a semi-crystalline organisation over
years, while being repeatedely subjected to high strains.

The main players that contribute to the astonishing
regularity of the sarcomere, besides the well known
thick (myosin) and thin (actin) filaments, are three gi-
ant, muscle-specific proteins, titin (3–4 MDa), nebulin
(0.6–0.8 MDa), and obscurin (0.7–0.9 MDa), whose stud-
ies were hampered for a long time by their large size.1

The minimal contractile unit of muscles is the sarcom-
ere, which is not only able to apply active forces during
contraction (Sec. 4.1), but also to resist elongation like a
spring (4.2). The major contributor to this so-called “pas-
sive” stiffness is titin, which spans half of the sarcomere
and provide restoring forces upon stretching. To this
purpose, a tight anchoring of titin both in the middle of
the sarcomere and at its edge, in the Z-disk, is required
(4.3). The distal anchoring is still under debate, and the
interaction with the actin crosslinker α-actinin has been
identified as a promising candidate (4.4), which is the
subject of the experiments of chapters 5 and 6.

4.1 the sarcomere is the basic contractile

unit of striated muscles

The understanding of the molecular processes under-
lying the muscle functioning was obscure until the sec-
ond half of the 20th century. Thanks to the development
of novel imaging techniques such as electron, phase-
constrast or interference microscopy, as well as the re-
finement of existing ones such as X-rays, it was possible
to study in more detail the organisation of the sarcom-
ere, the smallest independent contractile unit of all stri-
ated muscles.

Fig. 28. Muscle fiber image
obtained with interference mi-
croscopy in positive contrast (A-
bands are dark). From [50].

At first sight (Fig. 28), a myofiber, formed by many
sarcomeres, appears as a regular alternation of regions

1 Obscurin was discovered only in 2001 [134].

33
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with high refractive index (termed A-bands) as opposed
to ones with lower refractive index (I-bands). Electron
microscopy (EM) images of a single sarcomere (Fig. 29)
[51] confirmed the proposed filamentous nature of actin
and myosin. Moreover, they made it possible to observe
the alternation of thin (actin) and thick (myosin) fila-
ments, and their partial overlap. The knowledge of the
filaments arrangement ruled out many proposed mech-
anism of muscle contraction, paving the way to the slid-
ing filaments hypothesis [51], by H. Huxley and J. Han-
son. This model states that, upon contraction, myosin
motor bind to actin filmanents pull them toward the
center of the sarcomer, shortening the basic contractile
unit. Nowadays many more detailes regarding the ac-
tive contraction process are well understood [38].

Fig. 29. Electron-microscopy im-
age of a single sarcomere, and
division into different zones.
Due to the increased resolution,
dark lines are visible. Termed Z-
disk, they are the regions where
adjacent sarcomeres overlapped
and interact with each other.
Adapted from [74].

To achieve a contraction of the whole muscle, it is nec-
essary that each sarcomere is linked to the adjacent ones.
This task is accomplished by α-actinin (Box 7), a protein
that is able to crosslinks two actin filaments from adja-
cent sarcomeres (Fig. 30). A number of α-actinin layers
are present in the Z-disk, the distal region of the sarcom-
ere, very dark in the EM image of Fig. 29 because of the
high protein density. Here actin filaments coming from
different sarcomere overlap with each other and anchor-
ing is achieved by α-actinin crosslinking (Fig. 30).

Fig. 30. Schematic of the sar-
comere. The actin and myosin
filaments are shown, together
with the actin crosslinker α-ac-
tinin (only two copies are
depicted) and the huge titin
molecule.

4.2 the role of titin in muscle elongation

While the contraction process has been now clarified in
great detail, the inverse process, i.e. muscle elongation,
is still poorly understood. The property of muscle fibers
to generate a non-linear restoring force was observed
and evaluated in 1881 [101]. It is already expected for
muscles to have some internal springs which restore
their initial position after elongation: The cardiac mus-
cle alternates between contraction (systole) and relax-
ation (diastole) on the timescale of seconds, and skeletal
muscles are are ofter coupled in “agonistic-antagonistic”
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box 7. α-actinin-2

α-Actinin-2 is an antiparallel homodimer formed by 104 kDa
monomer and present in the Z-disk of striated muscles.
Four isoforms of α-actinin have been identified, two non-
muscle calcium-regulated, 1 and 4, and two muscle calcium-
insensitive, 2 and 3 [106]. Each subunit consists of an Actin
Binding Domain (ABD) at one edge, four Spectrin-like Repeats
(SR) in the central part and two EF-hands Calmodulin-like Do-
mains (CaMD) at the other edge (Fig. 31A). The distal domains
(ABD and CaMD) are the functional regions, while the cen-
tral SR of the two monomers form a rigid rod domain, provid-
ing the right spacing between actin filaments. A region called
the neck separates the ABD from SR1. The current regulatory
model of α-actinin suggests that EF3-4 of one subunit can bind
to the neck region of the opposite subunit (closed conforma-
tion, Fig. 31A). In the Z-disk, activation of α-actinin is medi-
ated by PIP2, that reduces the affinity between the neck the
EF3-4 (open conformation, Fig. 31B) [97, 132]. The latter can
thus interact to different binding partners, in particular to the
giant protein titin. Depending on the muscle type and on the
species, there can be from 2 to 6 α-actinin layers [75].

pairs, that enhance the coordination and the smooth-
ness of the movements.

A B
open closed

Fig. 31. Schematic of α-actinin
quaternary structure. Abbrevia-
tions as in the text. (A) Open
conformation activated by PIP2

in the Z-disk, where EF3-4 can
bind titin. (B) Closed conforma-
tion, where EF3-4 of one sub-
unit binds the neck of the jux-
taposed subunit, thus inhibited
interaction with titin.

Upon stretch actin and myosin are not bound any-
more, thus some other internal or external element
has to generate such a restoring force. Initially the ex-
tracellular collagen was considered the best candidate
to provide the muscle with passive stiffness, until in
1977 Maruyama et al. [81] discovered an elastic intra-
sarcomeric filament connecting the central region of the
sarcomere (M-band) with its distal part (Z-disk). This
elastic element was composed of a single protein, ini-
tially called connectin and soon renamed titin because
of its titanic size (3–4 MDa) [123]. Since that discovery,
the generation of passive forces has become the focus of
many studies, in particular after the complete titin se-
quence was revealed in 1995 [64]. Titin has been proved
to provide the passive stiffness of the muscle at low
muscle extentions, while at high elongations the contri-
bution of the extracellular collagen gets more and more
prominent [129] (Fig. 32). Titin is also involved in signal-
ing processes and disease[43, 54]. More details on how
titin is partitioned along half a sarcomere are given in
Box 8.
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box 8. titin

To date, titin is the largest known protein. It’s length is about
1 µm, and it contributes to up to 0.5 kg of our body weigh[65].
Titin has a modular molecular structure, that can be divided
in three parts, depending on the location of the domains in
the sarcomere. In the A-band, an array of immunoglobulin-
like (Ig) and fibronectin-3-like (fn3) interacts with myosin fila-
ments, affecting contraction efficiency [70] and providing titin
anchoring. The extensible region is entirely situated in the I-
band, where three elements can elongate and contribute to titin
stiffness: tandem Ig domains, the PEVK domain and the N2B
unique sequence [67, 126]. The Z-disk region is composed of a
short sequence (135 amino acids) called Zq, up to seven mod-
ular units (45 amino acids) called Z-repeats, and two Ig-like
domains. The Zq region and the Z-repeats have been shown
to bind α-actinin [35, 133], while the Ig domains of two titin
molecules are crosslinked at the N-terminal by telethonin [45,
138] (Fig. 33).

4.3 titin anchoring in the sarcomere

Fig. 32. In mouse left ventricu-
lar (LV) myocardium, contribu-
tion of titin and collagen to pas-
sive stiffness. Physiological sar-
comere length ranges from 1.9
to 2.2 µm. For small elongations,
titin provides with 90% of the to-
tal stiffness, while the two con-
tributions gets equilibrated at
large stretch. Data from [43].

Fig. 33. Titin/telethonin com-
plex (PDB 1YA5) [138]. The two
N-terminal Ig-like domains Z1

and Z2 of two different titin
molecule (A and B) form a palin-
dromic sandwich structure with
the protein telethonin.

To elongate like a spring and provide a restoring
force, titin needs to be tightly anchored both in the A-
band and in the Z-disk. In the A-band, the interaction
of titin with myosin via C-proteins and with obscurin at
its C-terminus seems to provide a firm attachment [28,
48, 70, 86, 93]. However, a detailed understanding on
where and how titin is fixed at its N-terminus, embed-
ded in the Z-disk, is still lacking.

The streching force to which titin is subject under
muscle elongation has been estimated in a number of
studies [1, 67, 126], by dividing the tension on the whole
myocite (red curve in Fig. 32) for the number of sarcom-
eres and the number of titin molecules per sarcomere.
In the physiological range of sarcomere elongation 1.9–
2.2 µm, the force should not exceed ∼ 5 pN.

Many binding partners of titin have been identified
in the Z-disk. The interaction of titin with telethonin
has been initially proposed as a promising candidate for
titin anchoring in the Z-disk [45]. Two titin molecules
are linked together at the N-termini by telethonin, in
a palindromic structure [138] (Fig. 33) that forms one
of the most stable non-covalent bonds measured so far
(∼ 800 pN)[15]. Nonetheless, some knock-out studies
performed on different species showed that the integrity
of the muscle is not drastically affected by telethonin de-
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pletion [53, 137]. Moreover, it is still not clear how this
complex can bind to actin (see Box 9 for details).

box 9. requirements for z-disk titin anchoring

To look for possible candidates, it is worth to focus on the di-
rection of load propagation. After the muscle elongates, force
propagates through titin molecules of adjacent sarcomeres.
Titin relaxation restores sarcomere rest length and brings the
actin filaments back toward the A-band. To this purpose, a con-
nection between titin molecules of neighbouring sarcomeres
is required, in analogy to actin crosslinking. While a direct
titin/titin interaction is not very likely at the actual state of
knowledge, it is sufficient that titin is somehow tightly bound
to an actin filament, in order to take advantage from the afore-
mentioned actin crosslinking mediated by α-actinin.

Apart from a direct [71] and an indirect [133] bind-
ing with actin, the main candidate is the interaction of
titin with the EF-hands 3 and 4 of α-actinin [33–35, 70]
(Fig. 34), which will be described in detail in the follow-
ing section.

Fig. 34. Schematic of the Z-disk
arrangment of actin, titin, α-ac-
tinin and telethonin (only two
crosslinkers are shown), and
direction of force propagation
upon muscle stretching.
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4.4 α-actinin/titin interaction

The region of titin that binds α-actinin EF3-4 is
formed by up to seven repeated motifs called Z-repeats
(Fig. 35A) that can be differentially spliced. The num-
ber of Z-repeat depends on the species, on the muscles
and on the development stage of the muscle (Fig. 35B),
and is thought to determine the thickness of the Z-disk
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[35, 108]. For example, titin from human adult cardiac
muscle has the whole sequence, from T1 to T7 (45 kDa).

A

B

The Z-repeat 7 has been shown to form an α-helical
structure if bound to the hydrophobic pocket of α-ac-
tinin EF3-4 (Fig. 36), a typical binding scheme for
Calmodulin-like domains [10].

Fig. 35. Alignment of Z-repeats
(here termed Zr) and their dif-
ferential expression. (A) Amino
acid sequences of the seven Z-
repeats present in the rabbit car-
diac titin (hydrophobic residues
in orange). The grey square
mark the region that binds
to α-actinin. (B) Z-repeats iso-
forms present in different mus-
cle, showing how T1-T3 and T7

are always present, while T4-
T6 can be differentially spliced.
From [108]

Fig. 36. NMR structure of the
complex formed by α-actinin
EF3-4 and titin Z-repeat 7 (T7)
[10]. 18 amino acid over a to-
tal of 49 are involved in the
α-helical secondary structure of
T7.

The affinity of all titin Z-repeats with EF3-4 has been
evaluated in bulk experiments [56]. Three classes of re-
peats have been identified: the distal repeats T1 and T7,
showing reasonable binding, with affinities in the sub-
micromolar range. Repeat T3 has a weaker interaction
with EF3-4, while the other repeats did not show de-
tectable binding, e. g. gain in helical signal under far-UV
circular dichroism measurments.

4.5 summary

The smallest contractile unit of the skeletal and cardiac
muscles is the sarcomere, an intricate network of pro-
teins organised in a semi-crystalline manner. A single
sarcomere is able to exert active forces upon contrac-
tion, as well as restoring (passive) forces if streched. The
huge protein titin has been found to provide the major-
ity of the sarcomere stiffness under muscle elongation.
For this task, titin needs to be tightly bound at both ter-
mini, in two sarcomeric regions termed the I-band and
the Z-disk. The molecular determinants of titin anchor-
ing in Z-disk are still under debate, and the interaction
with the EF3-4 domain of α-actinin has been selected as
a promising candidate. This multi-valent bond was ex-
perimentally investigated in this thesis, and the results
described in chapters 5 and 6.
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linker

T7EF3-4

Fig. 37. Fusion construct of α-ac-
tinin EF3-4 and titin T7.

To study the mechanics of the α-actinin/titin interac-
tion, the EF hands 3 and 4 of α-actinin were fused to
the 23 residues of Human titin T7 resolved in the NMR
structure (Fig. 37, complete sequences in appendix C.3),
via a 4×(GGS) linker. The cystein residues for force ap-
plication were placed at the N- and C- termini, sepa-
rated from the fusion construct by ubiquitin domains.
This construct was called PullA-T7, because the force is
transduced through both proteins.

The first section (5.1) deals with the typical finger-
print of the fusion construct under force-ramps. The
unfolding pathway is then explored (5.2) by means of
equilibrium measurments. A jump assay is employed
to extend the force range of the unbinding kinetics (5.3),
and occupancies and rate-constants are collected (5.4).
The affinity of the interaction is extracted using a com-
petition assay (5.5). The physiological relevance of the
measured data is discussed (5.6) and another construct
with different pulling positions is introduced and mea-
sured (5.7).

5.1 constant velocity trace

Fig. 38. Constant velocity trace
of the PullA-T7 construct ob-
tained at the pulling speed of 10

nm/s. Dotted lines are WLC fits
(see Sec. 3.2).

Force Force

Fig. 39. Unfolding pathway of
the PullA-T7 construct. Since
the unbound T7 peptide is un-
folded, the states involving a
folded and unbound peptide
were not expected to be ob-
served (left column).

By increasing the tension on the PullA-T7 complex
at a constant velocity (Fig. 38), the unbinding of titin
from α-actinin starts at surprisingly low forces. At the
low pulling speed of 10 nm/s, the system undergoes
rapid transitions, apparently between two states. WLC
fits shown in Fig. 38 reveal a contour length increase of
34± 1 nm, which corresponds to both unbinding of T7

from the EF3-4 as well as unfolding of both domains.
While the T7 α−helix is expected to fold together with
the binding,1 the EF hands 3 and 4 may fold indipen-
dently, potentially allowing an intermediate state in the
unfolding pathway (Fig. 39). Nonetheless, the resolution

1 Single helical peptides are rarely structured in absence of their bind-
ing partners. Although they may transiently fold, their mechanical
and thermal stability is usually negligible.
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of force ramps is not sufficient to determine the exis-
tence of such an intermediate state.

5.2 unfolding pathway

To get a better insight into the binding kinetics under
load, a series of passive-mode experiments was carried
out, like the one depicted in Fig. 40A.

Fig. 40. Passive-mode analysis
of PullA-T7 construct. (A) Time
trace of pullA-T7 (5 s extract).
The colours corresponds to the
three states represented in B, as-
signed to the data by means
of HMM analysis. (B) State net-
work of the PullA-T7 construct.

A B

Each trace was analyzed using the Hidden Markov
Model algorithm (Sec. 3.3) to assign states to data points.
For this analysis it is required to set the number of in-
termediate states, as well as the transition rates and the
force values. Following the premises of the previous
section, the system was allowed to explore the three-
state network of Fig. 40B. Beside the completely unfold-
ed/unbound state (called UU and drawn in red) and
the folded/bound state (FB, purple), an intermediate
on-pathway conformation was assumed, where the EF3-
4 domain is folded and the T7 peptide unbound and
unfolded (FU, green).2 The initial force value of the FU
state was chosen in a way that the contour length gain
(Box 4 in Sec. 3.2) from the FB state was 12 nm, which
is the value calculated from the structure. From each
passive-mode trace, the kinetic and energetic parame-
ters were extracted, as explained in the next sections.

5.3 kinetics at high forces: jump assay
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Fig. 41. Passive-mode trace at
the average force of 4.5 pN.

The range of forces accessible with passive-mode ex-
periments is very narrow for the PullA-T7 construct. Al-
ready at the average force of 4.5 pN, the FB events be-
come very rare, as shown in Fig. 41, and it is necessary
to acquire very long traces to collect a significant statis-
tic of binding events.

2 Some lines of evidence that the green events correspond to the FU
state (EF3-4 folded and T7 unbound) are discussed in appendix A.2.
In particular, the same state shows up in a construct where force
is applyed on the pure EF3-4 domain (PullA construct). The alter-
native hypothesis that FU is not an on-pathway intermediate is dis-
cussed in the same section of the appendix.
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In order to estimate the force-dependent unbinding
kinetics of T7 on a larger force scale, a jump assay was
performed (see methods and Fig. 42), by rapidly steer-
ing the AODs trap between a high force level (7 to 15

pN) and a low force level (∼ 0 pN).

Using this tool it is possible to collect a high statistics
in a reasonable amount of time, since driving the system
to low forces allows rapid refolding of the EF3-4 and
rebinding of the T7 peptide. The data were sorted in
low- and high-force level and merged to form passive-
mode-like traces, as explained in (see section 3.4 ). These
merged traces were analyzed with the HMM algorithm,
and the extraction of FB→FU transition rates carried
out using the standard procedure. With the jump assay,
the unbinding rates were measured until 15 pN, with a
notable increase of the force range.3

Fig. 42. Time trace of pullA-
T7 probed with the jump as-
say (2 s extract). The position of
the mobile trap was changed ev-
ery 10 ms. The trace was ana-
lyzed with a two-state HMM al-
gorithm to better visualise the
FB (purple) and UU (red) con-
figuration (the FU state is too
short-lived at these forces to be
detected).

5.4 force-dependent kinetics and mechanics

Fig. 43. Population probability
vs. force for the PullA-T7 con-
struct. Each point correponds
to the occupancy in a passive-
mode trace. Solid lines are fit ob-
tained as explained in Sec. 3.3.

In Fig. 43 the population probabilities of the three
states at different forces are plotted. The free-energy dif-
ferences between the states were obtained using a global
fit of these data. The binding energy of the T7 peptide
is 4.2 kBT, whereas the folding energy of EF3-4 is only
0.5 kBT, meaning that the domain itself does not have a
high mechanical stability.

The midforce of the unbinding/unfolding processes
is the force at which the graphs intersect (Box 5). In
such a three-state system, the unbinding force of T7 is
6 pN (intersection of the green and purple fits), and the

3 As mentioned in section 3.4, merging the upper level instances re-
sults in neglecting the time spent at zero-force. Hence, the dwell-
times of the FB state are measured in the hypothesis that at zero-
force the unbinding of the peptide is negligible compared to that
at high preload. In this case, the low force dependence (see fits of
Fig. 44B) does not lead to a huge difference between unbinding rates
at high and low forces. Nonetheless, the rates were at least a factor
of 4 faster at the high forces probed with the jump assay.
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unfolding force of the EF3-4 is 0.5 pN (intersection of
the red and green fits).

The force-dependent folding and unfolding transition
rates of the EF3-4 domain (transition UU↔FU) are plot-
ted in Fig. 44A, together with fits obtained using the
Berkemeier-Schlierf model.4 At F = 0.5 pN, where the
transition rates fitting function intersect, the EF3-4 do-
main spends half of the time folded and half unfolded,
with a fast exchange rate of ∼ 100 /s.

Fig. 44B shows the binding/unbinding kinetics of
the T7 peptide (FU↔FB), where the purple unbind-
ing rates are extended until 15 pN thanks to the jump-
assay (square dots). The zero-force rate constants are
0.6± 0.1 s−1 for the unbinding and 302± 17 s−1 for the
rebinding. The force dependence of the unbinding rate
is extremely weak: the rates increse of one order of mag-
nitude within about 10 pN. This is a direct consequence
of the small distance (2 nm) between the FB state and
the transition state.

A

B

Fig. 44. Transition rates for
pullA-T7 and fit (solid lines).
A, rate constants for the tran-
sition UU↔FU. B. Rate con-
stants for the transition FU↔FB.
Square dots are obtained using
the jump-assay. 5.5 binding affinity: the competition assay

The measurements presented up to this point compre-
hend a mechanical characterisation of the protein com-
plex, but are lacking the estimation of the binding affin-
ity between the two proteins. As introduced in sections
2.6 and 3.5, the competition assay can overcome this lim-
itation.

Fig. 45. Competition assay. (A)
Passive-mode experiment with
52 µM of free peptide T7long in
solution, and schematic of the
binding pathway (right hand
side). (B) Zoom of 1 s and dwell
times estimation. (C) Contour
length vs. dwell time scatter
plot. The separation of green
and cyan events was obtained
introducing a time threshold at
0.06 s.

A

B C

4 From the scatter plot of CL vs. dwell time it is possible to extract the
transition rates between the different states (Sec. 3.3). While the UU
and FU states are exponentially distributed, the FB state exhibits a
double exponential behaviour, both in passive-mode and in jump
experiments. The slow (more stable) kinetics are plotted in Fig. 44B,
and a detailed discussion of this effect is presented in appendix A.1.
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The PullA-T7 construct was kept under load in pas-
sive mode with the addition of 52 µM of the T7 pep-
tide in solution. A competition between the tethered
and the free peptides was established (Fig. 45A). Given
the assumed pathway of Fig. 40B, the binding of the
peptide in solution occurs via the obligatory FU state,
but contrary to the tethered peptide, it does not lead
to any change in contour lenght. Nonetheless, the bind-
ing from solution can be monitored, because it stabilises
the EF3-4 domain, increasing the dwell times of the FU
state. A new cluster of events is now present in the
CL vs. dwell time plot, corresponding to the binding
of the peptide in solution. The cluster can be separated
from the FB states using a time threshold (cyan dots in
Fig. 45C).

The average lifetime of the cyan state directly leads
to the zero-force unbinding rate koff = 1.3± 0.5 s−1, a
factor of two faster than that extrapolated from the
slow phase of the passive-mode traces. The pseudo first-
order on-rate was obtained from the distribution of the
binding events. A binding event (in yellow in Fig. 45B) is
calculated by summing up all the FU events in between
two subsequent cyan events,5 and the distribution leads
to k̃on = 17± 6 s−1. The binding affinity, calculated us-
ing Eq. 16, is KD = 4± 2 µM.6

5.6 a better estimation of the midpoint force

The PullA-T7 construct presented up to this point ex-
hibits interesting features necessary for the mechanical
characterisation of titin anchoring in the Z-disk. It is
clear from the data how the EF3-4/T7 interaction has
very fast kinetics: even in absence of external load, the
bond has a lifetime shorter than 2 s. Moreover, the mid-
point force of this construct is very low: Owing to the
low occupancy of the FU green state, the midforce is
the intersection between the purple and red branches of

5 To be precise, each binding event from solution is a sequence of
three events that cannot be separated, (1)FU (2)peptide bound (3)FU.
This observation implies that each unbinding dwell time is overes-
timated, while each binding dwell time is underestimated. Hence,
a correction was performed, where the average lifetime of the FB
green states was subtracted twice from the cyan lifetime and added
twice to the yellow lifetime.

6 Given the affinity, the effective concentration of the tethered peptide
can be estimated. This calculation, together with a direct measure-
ment of the effective concentration obtained with the jump assay, is
presented in appendix A.3.
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Fig. 43, that is 3.5 pN. This value is within the range of
physiological loads a single titin molecule may experi-
ence, i. e. 0–5 pN (Sec. 4.3).

While the N-C-termini pulling geometry properly
simulates the force propagation through the two
molecules, thus providing a realistic estimate of the
T7 unbinding force dependence, it is not a good sys-
tem to evaluate the rebinding kinetics. From the Z-disk
schematics of Fig. 34 it becomes clear that, after unbind-
ing of T7, the EF3-4 gets released from load, in this way
not undergoing forced unfolding. In the PullA-T7 ge-
ometry, on the other hand, both molecules are still un-
der load after unbinding of T7, because of the inserted
linker. The consequence is a rapid unfolding of the EF3-
4, which greatly slows down the rebinding of the pep-
tide (refolding is necessary before binding can occur).
The passive-mode trace of Fig. 40 shows this effect: The
FB state is populated about half of the time because of
the long time spent by the system in the UU state.
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Fig. 46. Population probabili-
ties obtained using the PullA-
T7 constructs. Circle dots repre-
sent passive-mode equilibrium
experiments, square dots come
from jumps.

box 10. estimation of the midpoint force with

the jump assay and the pulla-t7 construct

A possible way to mimic the unforced refolding of the EF3-4
would be to jump to zero force after each unbinding. The jump
assay presented in section 5.3 performs a similar task, since
every 10 ms the system is driven to zero-force. Whenever at
high force the rapid stepwise unbinding of T7 and unfolding
of EF3-4 takes place, jumping at zero-load facilitates refolding
and rebinding. The time trace shown in Fig. 42 already gives
an idea of how the midpoint force could be shifted to higher
forces in the physiological situation: at 11 pN the FB state is
still poupulated half of the time (if the jumps are fast enough,
one can assume that the black dots at zero-force have the same
occupancies as the coloured dots at high forces). Fig. 46 com-
pares the population probabilities obtained by passive mode
and jump mode, from which it is possible to appreciate how
the midpoint force shifts from 3.5 pN to 11 pN.

A better estimate of the midforce can be obtained by
rapidly jumping to zero-force, in order to mimic force-
free rebinding (Box 10). The limit of this assay is that
both the EF3-4 and the T7 are released from load while
jumping to zero force. In the physiological case (Fig. 34)
it is possible that other bonds keep titin stretched even
if a single Z-repeat detaches. Hence, releasing titin from
load—as in the jump assay—may not be the best simu-
lation of the real force propagation. A direct measure of
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the rebinding kinetics in a situation where the mere T7

is under load is dealt with in the next section.

5.7 pulling on titin t7 only

T7

EF3-4

linker

Fig. 47. PullT7 schematic. The
pulling positions, marked as yel-
low dots, were changed in order
to maintain only the T7 peptide
under force.

To better assess the rebinding kinetics, it would be
ideal to mantain the T7 peptide under load after unbind-
ing, while releasing the EF3-4 from force. A possible
way to mimic this situation—maintaining the linkage
betweeen the two molecules—is to modify the PullA-T7

construct by exchanging one pulling site from the N-
terminal domain of the α-actinin to the N-terminal of
titin Z-repeat 7. In this construct, called PullT7 (Fig. 47),
force is applied exclusively on the T7 α-helix. Such a sys-
tem is expected to behave as a two-state system, where
the only accessible transition is that between the FB and
the FU states. The expected contour length increase cor-
responding to the unbinding and stretching of the T7

α-helix is only 4 nm.

Fig. 48. Force ramp on the
PullT7 construct at the constant
speed of 20 nm/s. The unbind-
ing and rebinding of T7 has
a higher midpoint force. From
this trace, WLC fits return a con-
tour length gain of 3.8 nm.

Data coming from force ramps (Fig. 48) exhibit a
marked increase of the unbinding forces, with de-
tectable rebinding events until 18 pN. The measured CL
gain is 4± 1 nm, perfectly compatible with the expected
stretching of the α-helix.

Fig. 49. Equilibrium experi-
ments with the PullT7 construct,
with the state network and
the same colour coding as in
Fig. 40. (A) Passive-mode trace,
analyzed a two state system. (B)
Competition assay, where bind-
ing from solution is separated
from the FU state by dwell time
threshold.

A

B
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A wide force range (10 pN) was accessible to passive-
mode experiments, an example of which is displayed in
Fig. 49A. The state assignment was successfully carried
out by applying a two-state HMM analysis, despite a
separation of only 0.4 pN. The extracted rate constants
and population probabilities as a function of force are
plotted in Fig. 50.
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Fig. 50. Kinetics and occupan-
cies for the PullT7 construct. (A)
Rate constants vs. force, with
the colour coding as in the
schematic above the figure. (B)
Occupancies vs. force. From a
global fit, a binding free energy
of 5.8 kBT was obtained.

The extrapolated zero-force transition rates are
0.6± 0.3 s−1 for the unbinding and 216± 106 s−1 for the
rebinding, in good agreement with those measured
with the PullA-T7 construct (Table 1). Moreover, the un-
binding kinetics (purple branch in Fig. 50A) are com-
patible within errors with data coming from the N-C-
termini geometry (Fig. 44B), importantly, in the whole
force range. This observation justifies the acceptance of
the midpoint force of the PullT7 construct (13 pN) as a
good estimate of the physiological binding/rebinding
equilibrium force.

The competition assay can be carried out also with
this construct. The binding from solution should appear
at the same contour length of the unbound FU state.
At sufficiently low forces the FU dwell times are short
enough to be separate from the solution-binding events,
as shown in Fig. 49B. The dissociation constant mea-
sured in this case is 8± 4 µM.

The kinetic and energetic values obtained from
the different constructs, together with a correction
discussed in appendix A.4, are summarised in Table 1.

Construct KD[µM] koff [1/s] k̃on [1/s]

PullA-T7 4.3 ± 2.1 302 ± 17 0.64 ± 0.06

PullT7 8 ± 4 216 ± 106 0.6 ± 0.3

PullT7 corrected 4 ± 2 432 ± 212 0.6 ± 0.3

Table 1. Zero-force rates and
affinities obtained from the two
different pulling geometries. A
correction of the PullT7 data has
been obtained as explained in
appendix A.4.

5.8 summary

In this chapter the binding of the α-actinin EF3-4 do-
main and the titin Z-repeat 7 has been characterised,
using two different pulling geometries in order to pro-
vide a consistent picture of how forces can be trasmit-
ted in the Z-disk. The dynamics of this bond are very
fast: Even in absence of external load, the bond has an
average lifetime of less than 2 s. Nonetheless, the force
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dependence of the unbinding rates is very weak, due to
the short distance between the bound state and the tran-
sition state (2 nm both in Fig. 44B for PullA-T7 and in
Fig. 50A for PullT7). In the physiological range of forces
to which a single titin molecule is subject (0–5 pN), the
unbinding rates are almost constant.

The N-C-terminal geomtry (PullA-T7), despite cor-
rectly assessing the force-dependence of the unbinding
rates, led to a very low estimation of the midpoint force
(3.5 pN) for the EF3-4/T7 bond. The reason of such
low unbinding forces has been identified in the non-
physiological forced unfolding of the EF3-4 domain,
which is subject to load even after unbinding of the T7

peptide. The slow refolding of the EF3-4, a necessary
step to obtain rebinding of T7, slows down the over-
all rebinding kinetics, being completely unefficient at
forces higher than few piconewtons.

This apparent contradiction of the bond not being
able to substain physiological forces is resolved by a
pulling geometry where the pure titin is stretched. The
midpoint force for the PullT7 geometry is more than
three times higher (13 pN), furthermore showing an al-
most constant rebinding kinetics in the physiological
force range.

Despite the midpoint force increase obtained by
changing the pulling geometry, a question persists: how
can such a dynamic bond contribute to a long-term sta-
bility of the Z-disk? Every second, titin T7 is released
from α-actinin, and a single bond clearly cannot pro-
vide anchoring for a sufficiently long time. In the next
chapter, the mechanical stability of other titin Z-repeats
will be treated. A kinetic model including the combined
action of several titin/α-actinin interaction will be also
discussed, in light of a possible long-term stability of
this cluster of bonds.





6
α - A C T I N I N / T I T I N
I N T E R A C T I O N : A
C L U S T E R O F B O N D S

The measurements performed in this chapter aimed to
understand whether the concerted action of many α-ac-
tinin/titin bonds could provide long-term anchoring of
titin in the Z-disk.

The interaction between titin and α-actinin is not lim-
ited to the Z-repeat 7. As introduced in Sec. 4.4, other
Z-repeats are able to bind one of the multiple α-actinin
layers present in the Z-disk. Section 6.1 deals with the
mechanical and kinetic characterisation of such bonds,
by means of fusion construct similar to the PullA-T7

(see previous chapter). Thanks to these new data, it was
possible to propose an avidity model, in order to ex-
plain the long-term anchoring of titin (6.2). Finally, some
analogies with other muscles systems are discussed, in
order to provide a more general picture for such net-
works, where a rapid exchange of the single compo-
nents can be compatible with a long-term stability of
the whole cluster (6.3).

6.1 interaction of α-actinin with other titin

z-repeats

In human titin up to seven Z-repeats are present, whose
affinity with the calmodulin-like domain of α-actinin
has been already estimated in bulk [56]. The proposed
spacing of α-actinin layers obtained by electron mi-
croscopy allows only each second titin Z-repeat to bind
an α-actinin molecule [75]. Since the repeats T1 and T7

have been identified as the strongest binders, it is rea-
sonable to assume that T3 and T5 are also good can-
didates to strengthen titin anchoring. In analogy with
T7, described in chapter 5, fusion constructs resembling
PullA-T7 have been prepared.1 In the new constructs,

1 In sections 5.6 and 5.7 the physiological relevance of the two differ-
ent probed pulling geometries is discussed. The N-C terminal one
(PullA-T7), employed for the other Z-repeats, is especially suited

49
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Peptide Sequence measured ∆G [kBT] KD[µM] koff [1/s] kon [1/s]

T7 GKKAEAVATVVAAVDQARVREPR 4.7 4.3 ± 2.1#
302 ± 17 0.64 ± 0.06

T1 ADKSAAVATVVAAVDMARVREPV 5.9 1.3 ± 1.1†
509 ± 97 0.46 ± 0.05

T3 GTEKTFVPKVVISAAKAKEQET 3.5 14 ± 11
†

158 ± 13 11 ± 10

T2 EAEKIAVSKVVVAADKAKEQELK <0.5∗ > 287
† – –

T5 ETRKTVVPKVIVATPKVKEQDLV <0.5∗ > 287
† – –

neck AEQAETAANRIVKVLAVNQENERLME 0.7 235 ± 160
†

137 ± 6 40 ± 13

Table 2. Binding kinetics and free energy for different Z-repeats.
Red amino acids in the sequences mark key hydrophobic binding
positions of the Z-repeat α-helix, aligned as in [56] (in appendix
C.3 the complete constructs sequences). In order to obtain the same
effective concentration, every tethered peptide has been separated
from the EF3-4 with the same number of amino acids. All binding
energies come from fits to the probability vs. force plot, and the
following symbols mark different methods: ∗ = the folding free-
energy of the EF3-4 sets a threshold for the detection of the binding
events in the constructs where binding is not detectable. # = from
competition assay. † = calculated using Eq. 18. The interaction of
the EF3-4 with the α-actinin neck (last row) is discussed in Sec. B.7.

the original T7 was substituted with either T1, T3, T5

and T2, the last one as a representative of (putatively)
non-binding repeats. An overview of the results ob-
tained with T1, T3 and T5 is given in Fig. 51, and the
parameters are summarized in Table 2.

Fig. 51A depicts representative constant velocity
traces. The visible transitions are FB → UU, i.e. com-
bined unbinding of the peptide and unfolding of the
EF3-4 domain, as for the PullA-T7 construct (Fig. 38).
While T1 has a similar behaviour as T7, T3 shows lower
unbinding forces, and T5 does not even show any ob-
servable binding. The repeat T2 shows the same exact
behaviour of T5, i. e. no binding to the EF3-4 could be
detected with this method. For T1 and T3, rapid re-
folding/rebinding transitions are also visible at the low
pulling speed employed.

A closer look at passive-mode traces (Fig. 51B) reveals
the same unbinding/unfolding pathway discussed for
T7 (Fig. 40). Again, graphs referred to T1 resembles
those obtained with T7, whereas T3 detaches more
rapidly from the EF3-4. The kinetics of the PullA-T5 con-
struct under passive-mode (last column) are perfectly
compatible with transitions between UU and FU, i.e.

for the extraction of the correct force-dependent unfolding kinetics.
Moreover, the extrapolated zero-force binding kinetics are in agree-
ment with a second geometry (PullT7) where force is applied on
titin only, technically more correct in evaluating the rebinding rates.
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mere folding/unfolding of the EF3-4 (for comparison,
see data of the PullA construct in appendix A.2).

The analysis of several traces at different forces allows
the extraction of the force-dependent population prob-
abilities (Fig. 51C) as well as rate constants (Fig. 51D).
The energy difference between the FB state and the UU
state, as well as the zero-force rate constants, can be ob-
tained from the plotted fits (Table 2). Overall, T1, T3 and
T7 bind to the EF3-4 with similar mechanical strengths.
The population probabilities of UU and FB (Fig. 51C)
are slightly shifted toward higher forces for T1 (mid-
point force of ∼4 pN) and toward lower forces for T3

(∼3 pN).

Fig. 51. Interaction of titin Z-
repeats T1, T3 and T5 with
α-actinin EF3-4. (A) Constant-
velocity traces with WLC fits.
The difference in contour length
from the two fits of each figure
are in agreement with the value
34± 1 nm measured for T7. The
first fit to T5, shown for compar-
ison, is calculated by subtract-
ing 34 nm from the lower fit,
the only one possible on this
data set. (B) Passive-mode time
traces excerpts of 5 s. (C) Pop-
ulation probability of the states
UU and FB as a function of
force. Solid lines are fit to the
data, dotted grey lines are data
from T7, for comparison. (D)
Transition rates from FU to FB,
depicting the binding (green)
and the unbinding (purple) ki-
netics. As above, grey dotted
lines come from T7.

The binding affinities KD of the new pep-
tides can be obtained by comparison with T7, for which
both the free energy and the dissociation constant have
been estimated in the previous chapter. Providing that
the effective concentration of peptides is the same for
all fusion constructs, the free energy of the repeat Ti, de-
fined here as ∆G0

Ti = GUU − GFB can be related to the
dissociation constant KTi

D , using Eq. 17:

∆G0
Ti − ∆G0

T7
= ln

(
KT7

D
KTi

D

)
(18)
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6.2 titin anchoring lifetime estimation

The experiments presented in the previous section in-
clude two more Z-repeats —T1 and T3— in the set of
possible titin anchoring regions in the Z-disk. Together
with T7, up to three Z-repeats are able to bind simulta-
neously to multiple α-actinin crosslinkers. This observa-
tion is compatible with the fact that several titin splicing
variants are present in the different muscles of the body,
and in humans T1, T2, T3 and T7 are always present.

From the collected data, a kinetic model can be ob-
tained using an avidity argument (Box 11), in order to
take into account the concerted efforts of these three re-
gions. Titin will be bound to the Z-disk as soon as at
least one bond is present. The arrangement of the in-
volved molecules (Fig. 53) can help to understand the
idea behind the cluster concept. The different α-actinin
molecules are linked together by the actin filament; in
analogy, titin Z-repeats are also connected, being part of
the same molecule.

A B

Fig. 52. The simplest multi-
valent system is formed by a
bivalent ligand and two recep-
tors. (A) Homobivalent ligand,
which binds to the same kind of
receptors. (B) Heterobivalent lig-
and, which binds to two differ-
ent receptors.

box 11. the avidity concept

The concept of avidity, or multivalency, has been introduced
to explain how low-affinity inhibitors or antibody fragments
(KD ∼ mM− µM) could cooperate and become high affinity
ligands (KD ∼ nM) [62]. The ligands can be composed of multi-
ple copies of the same sub-units (homo-multivalency) or of dif-
ferent sub-units (hetero-multivalency, Fig. 52). An example of
homo-multivalency is the IgM, a pentameric antibody present
in early stages of the immune response. The affinity of each
fragment with the receptor is low, but the binding energies
sum up, due to the multivalency of the cluster. The hetero-
multivalency is certainly more general than homo-valency, but
since the underlying principles are the same, the latter have
been employed in the following estimations.

Fig. 53. Schematic of the
molecules arrangment. Up to
four Z-repeats can simultane-
ously bind to different α-actinin
layers, but only T1, T3 and T7

have been found to have consid-
erable binding affinities. Since
α-actinin molecules are linked
together via the actin filament,
the cluster of bond may reach a
long-term stability.

Let’s first consider the zero-force situation. Each in-
teraction has an unbinding rate of 0.5 to 10 /s and a
rebinding rates of 150 to 500 /s. For simplicity, an av-
erage value will be assumed τoff = 1 /s for unbinding
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and τon = 100 /s for rebinding. With these values, the
probability of being unbound at any time is the ratio
between the rates, that is Punbound = 10−2. Considering
only two Z-repeats, the first of them unbinds once per
second from the EF3-4. Before rebinding takes place, the
probability of finding the second unbound2 is 1/100,
meaning that on average 100 attemps (thus 100 s) are
necessary to observe both Z-repeats unbound simulta-
neously. With n Z-repeats, the average lifetime of titin
anchoring becomes

τoff
titin(F) =

τoff(F)

(Punbound(F))n−1 , (19)

where the dependence of force F is already included.
For n = 3 Z-repeats at zero force, the average life-

time would be 10 000 s, i. e. about 3 h. The tight tit-
in/telethonin complex, despite not being strictly nec-
essary for the Z-disk integrity (Sec. 4.3), links together
two titin molecules, in this way increasing the number
of connected Z-repeats up to n = 6. Even under the
physiolgical upper force limit of 5 pN, the probability
of being unbound as well as the off rate of a single re-
peat do not vary drastically (Fig. 50), and the cluster can
hold for a long time.

In addition, other titin binding regions can cooperate
to the anchoring of titin in the Z-disk. An example is
the Zq region, that is positioned at the distal part of the
Z-disk and interacts with the α-actinin rod [35, 133].

6.3 discussion and outlook

Data from several FRAP (fluorescence recovery after photo-
bleaching) experiments are available, that estimated the
exchange rate of different Z-disk proteins. The major-
ity of Z-disk components have a turnover of less than
1 minute [97, 112, 122], while the giant titin exchanges
on average every 14 h [104]. The avidity concept is a in-
triguing hypothesis to explain how a long-term binding
of titin can be achieved, while individual binding com-
ponents can be dynamically exchanged.

Nature offers many other examples of systems where
the accumulated strength of highly unstable interac-

2 To avoid a continuus description, it is possible to think at 10 ms
discrete time steps. Every 100 steps the first repeat detaches, and
one time every 100 the second is also detached in the same time
step.
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tions can lead to a stable cluster of bond. Without mov-
ing too far, the interaction of filamin with the von Wille-
brand receptor GP1b involves several dynamical bonds
of linked sites, that can act together to provide a stable
binding [99]. The anchoring of titin C-terminal in the
sarcomeric M-band is also mediated by a pattern of 11

C-proteins regularly spaced over the myosin bundle. Al-
tough no studies have been carried out on the dynamics
of this bond, it is well known that titin is inextensible in
the A-band [23, 50], meaning that an anchoring shared
over many binding sites is a reasonable hypothesis.

Finally, the discussed model could be eventually ap-
plied to the specular contractile process. Upon active
force generation, the scheme is completely symmetric
to that of Fig. 34, but now force propagates through the
actin filaments and α-actinin crosslinkers. Also a single
α-actinin/actin bond is highly dynamic, with lifetimes
in the order of a couple of seconds [26, 41, 84]. In the
titin anchoring model, upon strech actin keeps α-actinin
molecules at the right place after a single titin Z-repeat
detaches. In a similar manner, it is possible that during
contraction titin (not under load anymore) keeps α-ac-
tinin molecules in close proximity to the actin filament
after they transiently detach. This could be another ex-
ample of how fast kinetics can be compatible with stable
crosslinking.

This study presents the first mechanical and kinetic
results on the α-actinin/titin interaction. It would be
interesting to validate some of the idea proposed here
with in vivo experiments, e. g. using mouse knock-out
mutants where the Z-repeats are removed. If the predic-
tions discussed above are correct, the muscle is expected
to developed uncorrectly, and eventually fall apart be-
cause of the absence of the titin restoring force.

6.4 summary

In the present chapter, a mechanical model of titin an-
choring in the Z-disk is attempted. Up to seven Z-
repeats can bind to α-actinin crosslinkers, only four si-
multaneously considering the spacing between the α-ac-
tinin layers. Other than T7, the four repeats T1, T2, T3

and T5 have been investigated in fusion constructs. T1

was shown to have a slightly higher mechanical stability
than T7, while T3 a bit lower. T2 and T5 instead were
not observed to bind the EF3-4 domain of α-actinin.
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The concerted action of T1, T3 and T7 can lead to
a long term anchoring of titin N-terminal, in the Z-disk.
Owing to the linkage between the α-actinin crosslinkers,
an avidity argument could be used. The binding ener-
gies sum up, and a simple formula for the overall titin
unbinding rate can be obtained. Using only the three
aforementioned binding regions, the calculated average
lifetime of titin anchoring would be in the order of a
few hours. Other interactions may help to increase the
overall stability and match the measured titin turnover
of about 14 h.
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I N T E G R I N - M E D I AT E D
F O R C E T R A N S D U C T I O N
A C R O S S T H E C E L L
M E M B R A N E

Fig. 54. Hypothetical illustra-
tion of the integrin activation
process, by David Goodsell. In-
tegrin α subunit is shown in
blue, β subunit in green. (A)
Closed/inactive structure of in-
tegrin. (B) Open/active state,
in which the hetero-dimer can
bind simultaneously cytoplas-
mic proteins, e. g. talin (whose
N-terminal F3 domain is shown
in purple), and extracellular
proteins, e. g. a short peptide
from fibrinogen (in red). The
active structure was created by
combining together the follow-
ing pdb entries: 2vdo, 3fcs, 2k9j,
2h7d.

The correct force propagation between molecular
components at the cell membrane is fundamental in
many processes, such as cell migration, platelet aggre-
gation and shape maintainance. These mechanisms rely
on the spatiotemporal control of the connection between
the cytoskeleton, the cell membrane and the extracellu-
lar matrix (ECM).

The key players in force transduction across the mem-
brane are integrins, that need to be “activated” in order
to simultaneously bind the cytoskeleton and the ECM
(Sec. 7.1). The inside-out signalling pathway is thought
to be initiated by the interaction with the cytosolic pro-
tein talin (7.2). A number of different isoforms of both
talin and integrin allow the spatiotemporally controlled
differentiation of tasks, but the binding constants never
drop below tens of micromolar (7.3). How such a low-
affinity interaction can promote reliable mechanotrans-
duction across the cell membrane is still an open ques-
tion (7.4).

7.1 integrins transduces force across the

membrane

Integrins are heterodimeric proteins placed across the
cell membrane, involved in the inside-out and outside-
in mechanical communication. They are composed of
two subunits α and β, for their majority formed by ex-
tracellular globular domains. The membrane-spanning
part adopts an α-helix conformation, prolonged in the
first 15 amino acids of the short cytoplasmic tail [3].

To regulate the interaction of the cell with the extra-
cellular matrix, large conformational changes of inte-
grin are involved, in a process named integrin activation
(Fig. 54). The integrin αβ complex can exist in at least
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two conformations, an inactive/closed one (Fig. 54A),
curved towards the membrane, and an active/open one
(Fig. 54B), where the protein can bind both cystoplasmic
and extracellular proteins. This process can arise from
either the outside of the cell, e. g. in response to changes
in the ECM mechanical properties [12], or from a signal
inside the cell, e. g. to initiate platelet aggregation and
promote blood clots [69]. The two short integrin α and
β tails play a key role in the inside-out activation pro-
cess: The integrin activation is thought to be initiated
inside the cell, where the interaction between the tails is
disrupted, leading to their separation and subsequent
structural rearrangment outside the cell [3].

7.2 integrin/talin interaction

A

B

Fig. 55. Structural basis of inte-
grin interaction. Adapted from
[3]. (A) the α (in blue) and β

(in red) tails can form a salt
bridge in the closed conforma-
tion of integrin. (B) Binding of
talin (F2 in cyan, F3 in yellow)
to the β tail can disrupt the salt
bridge and initiate integrin acti-
vation. The F2 domain stabilises
talin anchoring, thanks to four
charged amino acids that bind
to the membrane.

Although a range of binding partners have been iden-
tified, including filamin and kindlin, the inside-out ac-
tivation of integrins is achieved by the binding of talin
[115], a big cytoplasmic protein (250 kDa) which tethers
the actin network to the membrane (Box 12).

box 12. talin

Talin is an ubiquitous cytosolic protein that is part of the focal
adhesion macromolecular assembly. The main task of talin is
to connect the membrane-spanning protein integrin with the
cytoskeleton, in particular to actin. Talin can be divided into
two parts, an N-terminal head region and a C-terminal rod re-
gion, at the end of which there is an actin-binding domain. The
head region is a FERM domain composed of four subdomains
(F0–F3). The N-terminal one (F3) is the minimal subunit able
to activate integrin [17], probably disrupting a salt bridge be-
tween the α and β tails (Fig. 55A). The talin FERM domain can
directly bind the cell membrane, through a positively charged
patch on the surface of F2 [57]. The mutation of four charged
amino acids in F2 (Fig. 55B) is sufficient to disrupt this bond
[4].

The cytoplasmic tail of integrin binds the N-terminal
talin F3 domain in two regions, the membrane proximal
(MP) part—which is the prolongation of the transmem-
brane α-helix—and the membrane distal (MD) part, in
particular at the NPxY motif (Fig. 55B).

Structural studies on the integrin/talin complex were
lacking until a few years ago, mainly because of the
weak nature of the binding [4]. The available data have
been obtained thanks to workarounds which increase
either the effective local concentration—by linking the
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proteins via a coiled-coil [31]—or the affinity—by cre-
ating chimaeric peptides [127]— until the discovery of
high-affinity isoforms allowed a better understanding
of the integrin activation process [4].

Other proteins may be involved in integrin interaction
and the overall stability of the integrin/talin complex,
by anchoring talin at the membrane. The talin F2 do-
main has been shown to bind the membrane by means
of four charged amino acids [57]. Moreover, a RAP-me-
diated protein called RIAM binds both talin F3 and the
membrane, which may assist talin anchoring [130]. An-
other membrane protein, kindlin, binds to the last 10

amino acids of integrin tails, cooperating with talin in
the integrin activation process [118].

7.3 integrin and talin isoform specificity

A variety of integrin isoforms are present in our bodies,
together with two talin isoforms [85]. In mammals, the
integrin α and β subunits are expressed in 18 and 8 dif-
ferent isoforms respectively and assembled in 24 unique
αβ dimers [52]. Each combination has a variable speci-
ficity for different substrates, fine-tuned by small differ-
ences at the sequence—and hence structural—level. The
complexity is increased considering spliced variants. β1,
for example, has 4 splice variants, β1A–D.

Fig. 56. Structure of the talin
F3 domain (orange) in complex
with the integrin β tail (MP in
blue, MD in cyan) [4]. Below,
difference in sequence between
integrin cystoplasmic tails β1A
and β1D. The non-structured re-
gion is depicted in grey, the
non-conserved residues are un-
derlined and the two crucial
residues are marked in red.

Many of these isoforms have been studied in bulk ex-
periments. The highest affinity was found between β1D
and Talin 2, isoforms predominantly expressed in stri-
ated muscle cells. In particular, they co-localise in my-
otendinous junctions [13, 128], where high forces are in-
volved during muscle contraction. Talin 1 instead pref-

β1D HDRREFAKFEKEKMN AKWDTQENPIYKSPIN NFKNPNYGRKAGL

β1A HDRREFAKFEKEKMN AKWDTGENPIYKSAVT TVVNPKYEGK

|xxxxxxxxxxxxxx |xxxx|xxxxxxx|

758xxxxxxxxxxxx 773xx778xxxxx786
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erentially binds the splice variant β1A, although with
very low affinity (Table 3).talin1 talin2

β1A 490 ± 10 652 ± 20

β1D 95 ± 4 36 ± 2

Table 3. Binding affinities be-
tween talin 1 and 2 isoforms and
β1A and β1D integrin splicing
variants. [4].

It is interesting to note that the splice variants β1A
and β1D have substantially different binding affini-
ties with talin, although the main differences in the
sequences are in the C-terminal region, involved in
kindlin binding (Fig. 56). To explain this observation,
a set of site-directed mutageneses have been performed
together with structural and affinity analyses [5]. An-
this et al. showed that the E778 (G in β1A) residue alone
accounts for 35 % of the difference in affinity between
β1A and β1D, while the rest is almost entirely (56 %)
provided by the P786 residue (A in β1A).

7.4 open questions

A comprehensive understanding of the integrin activa-
tion process has been hampered by the low affinity of
the talin/integrin bond, in combination with the intrin-
sic difficulties in studying transmembrane proteins.

The recent review of Sun et al. summarizes the main
open questions regarding the integrin activation process
[113]. From a mechanistic point of view, the most in-
triguing mystery is “how the low affinity of the talin-
integrin tail interaction is able to transmit [. . . ] forces”
[113]. A fascinating phenomenon that may answer this
question is the counter-intuitive increase of the bond
lifetime upon load, called catch bond. Such a behaviour
has been observed in a number of adhesive proteins
[119], including integrins [61]. A common motif in catch-
bonds is the presence of some additional binding site,
hidden in the structure and exposed when force is ap-
plied.

The kinetic and mechanical quantities involved in tal-
in/integrin bonds have not been investigated to date.
The MP region of the integrin tail does not seem to con-
tribute to the stability of the bond, since it is shared
by the β1A and the β1D isoforms, but the former has
a weak sub-millimolar affinity with talin. Nonetheless,
the binding of the MP region with talin is supposed to
separate the α and β subunits in the integrin activation
process. Direct mechanical measurements can be used
to study the force-dependence of the bond lifetimes, in
order to test the possibility of avidity or catch-bond ef-
fects, and assess the mechanical stability of the different
integrin regions.
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Among the number of different isoforms of talin and in-
tegrin, of particular interest is the comparison between
β1A and β1D, two splice variants of the β1 subunit
(Sec. 7.3). β1D binds the talin 2 muscle isoform with
the highest reported affinity (Table 3), while β1A pref-
erentially binds talin 1. In this chapter, the talin 2/β1D
and the talin 1/β1A interactions are investigated, using
the tools presented in the methods (Sec. 2.6).

Fusion constructs were prepared (Sec. 2.2), named
T1-β1A and T2-β1D, in order to evaluate the binding
mechanics and kinetics.1 The pulling position has been
chosen in order to simulate the load propagation in
the cell. Upon anchoring of talin at the membrane—
mediated by integrin tail binding—the force is trans-
duced through the N-terminal of talin on one side, and
on the N-terminal of integrin on the other side. In or-
der to enable force to be applied at these two sites in
the experimental setup, cysteine residues (Sec. 2.5) were
placed at the two positions shown in Fig. 57.

Fig. 57. Structure of the fusion
construct. Talin F3 domain and
integrin β1 are based on [4].
A linker is added, whose struc-
ture was modeled with the soft-
ware Coot. Yellow dots mark
cysteines, inserted for load ap-
plication.

Sections
8.1 and 8.2 deal with the force response of the aforemen-
tioned fusion constructs. To explain the measured non-
canonical force dependence of the unbinding rate con-
stants and the binding energies, two lines of research
were followed, the first in 8.3 and 8.4, the second in
8.5 and 8.6. The acquired data are discussed and sum-
marised at the end of the chapter (8.7).

8.1 t2-β1d and t1-β1a force response

Upon load application, the two constructs T1-β1A and
T2-β1D show remarkably different behaviours. Force-
extension traces of T2-β1D (Fig. 58A) depict rapid near-
equilibrium transitions at 5–10 pN, and a second event
at about 20 pN. Worm-like chain fits (Sec. 3.2) reveal a
contour length gain of 8.2± 0.3 nm for the first transi-
tion, in good agreement with unbinding and rebinding

1 The sequences of all constructs presented in this chapter can be
found in appendix C.4.
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A B

C

of the integrin tail from the talin domain (expected CL
gain of 8.5 nm), while the high force event can be inter-
preted as the unfolding of talin (measured CL gain of
32.5± 0.4 nm vs. expected value of 33.0 nm). The kinetic
network of Fig. 58B shows that, in the chosen pulling
geometry, it is not possible to force unfolding of the in-
tegrin tail. Hence, the absence of signal hampers any
evaluation of the folding behaviour of integrin when
detached from its substrate.

Fig. 58. T2-β1D under force. (A)
Force-extension curve, showing
two unfolding events. The flip-
ping at 5–10 pN (zoom in the
inset) corresponds to unbind-
ing/rebinding of β1D, and the
high-force event to talin un-
folding. (B) Kinetic network ex-
pected in this pulling geometry.
(C) Passive-mode trace excerpt
of 1 s at an average preload of
8.3 pN. HMM analysis (always
applied on unfiltered data) al-
lows assignment of the data
points to bound (purple) or un-
bound (green) states, according
to the schematic in B. Smoothed
trace is coloured, for clarity.

Fig. 59. Constant-velocity trace
of the T1-β1A construct. The
first WLC curve is not a real
fit, but is calculated to obtain
the expected CL gain of 8.5 nm,
to guide the eye. (inset) Stan-
dard deviation analysis. Each
dot corresponds to a passive-
mode trace, whose SD is plot-
ted as a function of the aver-
age force. Black dots are data
of T1-β1A, while the cyan dots
and the cyan line come from
a pure DNA molecule, with-
out any protein contribution
(a slightly different trap stiff-
ness was used for that measure-
ments) [6]. The increase in SD at
5 pN in T1-β1A data indicates
possible ultra-fast binding/un-
binding transitions, that cannot
be separated by the HMM anal-
ysis.

On the other hand, only a single event can be detected
in T1-β1A force vs. extension data (Fig. 59), with a CL
gain compatible with talin 1 unfolding. In this case, the
talin/integrin bond is too weak to be properly detected.
Nonetheless, a single WLC curve does not fit the graph
in the low-force region, suggesting the presence of a
“shoulder” in the signal at forces about 3–5 pN. The two
close fitting lines in Fig. 59 are obtained by fixing the
expected CL gain to a value of 8.5 nm.

To get more insights into the fast low-force kinetics,
a standard deviation analysis has been performed, as
suggested in [6]. Fast transitions between two states in-
crease the standard deviation of the signal, if compared
to the behaviour of pure DNA (inset of Fig. 59). A small
peak is present in the data of the T1-β1A construct, sug-
gesting fast binding/unbinding kinetics at about 5 pN.
However, it is hard to extract more information from
such a weak bond.

The rest of the chapter deals with a more detailed
investigation of the talin 2/β1D interaction.
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8.2 t2-β1d force-dependent kinetics

Using preloads in the range of 5–12 pN in passive mode
(Sec. 3.3) and of 12–18 pN with the jump-assay (Sec. 3.4),
the force-dependent kinetics of T2-β1D could be evalu-
ated with better precision.

Fig. 60. Binding energy and ki-
netics, from T2-β1D. (A) Un-
binding (purple) and rebind-
ing (green) rates. Two different
fits (Berkemeier-Schlierf model)
have been performed, result-
ing in koff of (1.7± 1.0)× 10

2 /s
and 8.4± 1.6 /s, before and af-
ter 9 pN. A single fit describes
the rebinding kinetics, with
k̃on = (1.5± 0.2)× 10

3 /s. (B)
Occupancy vs. force plot, whose
global fit returns a binding free
energy of 4.3 kBT. (C) Force-
dependent CL gain. A dotted
line marks the expected 8.5 nm
gain. (D) Binding free energy. A
dotted line marks the value of
4.3 kBT extracted from the occu-
pancies.
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A two-state system HMM analysis can be performed
(Fig. 58C) in order to assign the data to the bound or un-
bound states, coloured respectively in purple and green
in Fig. 58B. The unbinding rate, plotted vs. force in
Fig. 60A (purple dots), has a non-canonical force depen-
dence: A single fit with the Berkemeier-Schlierf model
(Sec. 3.3) does not properly interpolate the data in the
whole force range, because of a kink around 9 pN.

Even more exceptionally, the binding free energy, as
well as the contour length gain, vary monotonically
with the preload (Fig. 60C–D).

The reason for such a divergence from a typical two-
state kinetic network can lie in several effects. Two lines
of research will be discussed in the next sections.

8.3 two-binding-mode hypothesis

B

A

Fig. 61. Unbinding of the bi-
otin/streptavidin bond [83]. (A)
Unbinding force of two differ-
ent avidin bonds as a func-
tion of the loading rate, in
constant-velocity AFM experi-
ments. The expected exponen-
tial dependence (a line in the log
scale) is broken, with one (strep-
tavidin) or even two (avidin)
kinks. (B) Two-barrier energy
landscape, which can explain
the variation of the force/rate
slope at different loading rates.

The first hypothesis that can be proposed to explain
the data shown in Fig. 60 is that the unbinding of in-
tegrin from talin (and/or the rebinding) takes place in
two steps, namely a two-state system is not suited to de-
scribe such a protein/protein interaction. The force de-
pendence of the unbinding rate has been shown to be bi-
modal for the biotin/streptavidin bond [83] (Fig. 61), as
well as for the digoxinenin/anti-digoxigenin one [105].
The reason for such behaviour has been ascribed to a
three-well potential, i.e. to a two-step unbinding pro-
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cess. A similar argument can be used to explain why
at different preloads the slope of the rate vs. force plot
varies.

To support this hypothesis for the talin/integrin com-
plex, a structure-function analysis [127] suggested a
two-step binding where the α-helical MP region of inte-
grin is recruited only after the MD part has bound talin
(Fig. 62). A test of this hypothesis could be performed
with a three-state HMM analysis of the passive-mode
traces (Fig. 58C), but the fast kinetics and the small
force separation between the bound and unbound states
make such an analysis very challenging. In the next sec-
tion, a more reliable strategy is presented.

Fig. 62. Model of two-step talin
anchoring at the cell membrane
[127]. (A) Unbound talin F3 gets
in proximity of the surface. (B)
The talin F3 is first recruited
by the membrane distal (MD)
part of the integrin tail. (C)
Afterwards he interaction with
the membrane proximal (MP) α-
helix is established, distrupting
the salt bridge between the α

and β monomers of integrin. A B C

8.4 a construct lacking the mp α-helix
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Fig. 63. Binding (green) and un-
binding (purple) rates of the
T2-β1D_noMP construct, lack-
ing the MP part of integrin.
Light-coloured rates are those
reported in Fig. 60A (native inte-
grin), for comparison. The bind-
ing rates are well described by
the Berkemeier-Schlierf model,
with k̃on = (1.5± 0.2)× 10

3 /s
in agreement with the native
construct. The unbinding rates
are still bent, as in the native
construct. For comparison, a fit
from point 3 to 13 has been
carried out, resulting in koff =
17± 2 /s.

To test the hypothesis that two binding steps are in-
volved in the talin anchoring process, a mutant was de-
signed (T2-β1D_noMP), where the first 15 amino acids
of the integrin tail—the α-helical MP region—were sub-
stituted with a non-interacting sequence, i. e. a combi-
nation of glycines and serines. If the binding of the MP
and MD integrin regions are independent and of compa-
rable mechanical stability, a single binding step should
be observed, since in the mutated construct the second
binding step (Fig. 62C) should be absent.

The mutant lacking the α-helix does not show any
relevant difference with the T2-β1D construct. The force
dependence of unbinding rates (Fig. 63), the CL gain
and the binding free energy are compatible with the
wild-type β1D. This results clearly shows that the MP
region does not have a high mechanical stability, and
the binding energy is entirely provided by the MD part.
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However, the two-step hypothesis cannot be com-
pletely ruled out. Stepwise binding can still take place
in two different parts of the MD region.

8.5 linker-effect hypothesis

A second possibility to explain the non-canonical force
dependence of the kinetics is an incorrect estimation
of the force applied to the bond. The linker between
the proteins employed in the fusion contructs—whose
structure was modeled in Fig. 57—has a contour length
of 9.8 nm and an end-to-end distance at rest of 5.5 nm.
From Eq. 2, the force necessary2 to stretch a protein
backbone by a distance half of its CL is 10 pN, meaning
that, even in the absence of any external load, the bond
is subjected to a high tension, applied from the entropic
linker spring. Moreover, the mutant explored in the pre-
vious section showed that the α-helical MP part of the
integrin tail does not tolerate high forces, thus it will be
likely unfolded considering such high pretensions.
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Fig. 64. Simulation of the effec-
tive force applied to the bond
in the T2-β1D construct. (A)
Schematic of fusion construct
(colour coding as in Fig. 57). The
integrin MP part is supposed
to be unstructured in the cur-
rent conditions, while the bind-
ing to talin is entirely provided
by the NCIY motiv. The contour
lengths are CLlinker = 9.8 nm
and CLMP = 5.5 nm, while the
distance between the linker an-
choring point and the NCIY
motif is 3 nm. The persistence
length was fixed to 0.7 nm. (B)
Fraction of the total force ap-
plied on the linker and on the
MP (thus on the bond), for a one
dimensional model.

box 13. simulation of the linker stretching

Fig. 64A depicts a sketch of the fusion construct, with the
MP α-helix unfolded. A simple one-dimensional model can
be developed to calculate the fraction of force applied to the
linker and to the bond. Each flexible region follows the force-
extension WLC model in Eq. 2. Given the contour length of
the linker and the MP, it is possible to calculate the fraction
of force carried by the MP, thus acting on the bond, plotted in
Fig. 64B as a function of the total applied force.
The most interesting feature of the graph is that the fraction
of force on the MP (blue curve) has a high force dependence
in the 5-10 pN range, while it gets flatter at higher forces. The
force applied to the bond is underestimated in the whole force
range, but the error is significantly more pronounced at low
forces. Interestingly, the curve has the same concave shape
as that of the unbinding rates (Fig. 60A), indicating that the
strong force dependence at low forces could be related to the
high slope of the plot in Fig. 64B. Although the present model
does not fully account for the bending of the data, it points
towards the right direction, showing how the linker can play a
critical role in the study of a protein/protein interaction.

One of the basic conditions that allow the investiga-
tion of a protein/protein interaction with fusion con-
tructs is that the linker must not hold any load (Sec. 2.2).
If the applied force is shared between the linker and the

2 For this estimation, a persistence length of 0.7 nm was employed.
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bond under study, the force values of Fig. 60 are not
corrected, because only a fraction of that force is really
applied to the bond. A simple model to explain this ef-
fect is described in Box 13.

8.6 a construct with a longer linker

A

B

Fig. 65. Long-linker construct
T2-β1D_LL. (A) Schematic of
the long-linker fusion construct.
(B) Force-ramp trace. The bind-
ing/unbinding transitions are
below 5 pN, while talin unfold-
ing is visible at high forces.
The CL gain of the flipping is
25.1± 0.7 nm, close to the ex-
pected value of 24.3 nm.

In order to cancel the influence of the linker, a new
construct was designed—named T2-β1D_LL—where a
longer linker sequence3 was employed to connect talin
2 and β1D (Fig. 65A). A force-extension trace obtained
at the constant velocity of 50 nm/s is shown in Fig. 65B.
The bond breaks apart at lower forces compared to the
short-linker construct, about 4 pN, while the unfolding
forces of talin are unvaried.

The shift to lower forces can be explained by the com-
bination of two effects. The first, affecting the on-rates,
is the drop of the effective concentration of the ligand,
due to the longer linker length.4 The second is a pure
energetic consideration. The energy is proportional to
the force times the length change. If similar binding en-
ergies are involved, the longer the length increase, the
lower the equilibrium force.

The analysis of passive-mode traces enables the track-
ing of the force dependence of the kinetic and energetic
quantities, as done in Fig. 60 for the short-linker ver-
sion. The data of the long-linker variant are summarised
in Fig. 66. Both extracted on- and off-rate constants
(Fig. 66A) are now well described by the Berkemeier-
Schlierf model. The on-rate have a higher slope because
of the longer linker, while the extrapolated zero-force
value is compatible with the short-linker construct. The
off-rates deviate from the short-linker rates below 7 pN,
while at high forces they are compatible.

Fig. 66. Binding energy and
kinetics T2-β1D_LL construct
(data from three different
molecules are overlaid). (A)
Unbinding (purple) and re-
binding (green) rates. Both the
unbinding and the rebinding
kinetics can be described
with a canonical two-state
system (koff = 60± 2 /s and
k̃on = (1.6± 0.4)× 10

3 /s).
Above 7 pN, the unbinding
rates were obtained with the
jump assay (Sec. 3.4). (B)
Occupancy plot, whose global
fit returns a binding energy
of 3.8 kBT (the error on the
free energy is about 10 %, see
Sec. 3.3).
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3 The long linker has 78 amino acids, thus is almost three time longer
than the previous one, which involved only 27 amino acids.

4 If the linker length is doubled, the effective concentration roughly
drops by a factor of 23 = 8, since it is a volume-filling effect (see
Sec. A.3).
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The binding energy, extracted from the occupancies
of Fig. 66B, is 3.8 kBT, slightly lower than that obtained
with the short-linker construct. The zero-force rate con-
stants can be used as a control for the binding en-
ergy, since ln

(
k̃on/koff

)
= ∆G/kBT (Eqs. 3 and 12). The

value obtained from the rates is 3.4± 0.9 kBT, compati-
ble within error with the previous estimation. The force
dependence of the CL gain and the binding energy are
constant in the whole probed force range.

An analogous fusion construct of talin 1 and β1A con-
nected by a long linker has been tested, but no bind-
ing/unbinding signal could be detected, as in the short-
linker version T1-β1A.

8.7 discussion

In this chapter, the first evaluation of the binding prop-
erties of the C-terminal domain of talin to the cytoplas-
mic tail of integrin was performed. Two pairs of iso-
forms has been tested, the weak talin 1/β1A interac-
tion, involved in many cell motility processes, and the
strong talin 2/β1D bond, specific for the myotendinous
junctions. Both interactions have been previously stud-
ies in bulk, and the affinities evaluated. A set of point
mutations revealed how a few differences in the β1A
and β1D sequences could lead to a tenfold increase in
affinity.

A first pair of fusion constructs, T1-β1A and T2-β1D,
was tested. The binding energy of talin 1 and β1A
was too weak to extract quantitative kinetic or ener-
getic information, since the unbinding takes place in
a force range below the resolution of the setup. How-
ever, talin 2 and β1D showed fast transitions between
the bound and unbound states, with a midforce of 7 pN.
The fact that the talin 2/β1D complex can resist higher
forces is consistent with the need of connecting my-
ocytes with tendons, where forces are higher compared
to non-muscle cells. The binding kinetics could not be
described by a canonical two-state systems, thus two
lines of study were carried out to understand this effect.

The first hypothesis was a two-step binding process,
corroborated by previous structural studies that sug-
gested a later binding of the integrin membrane prox-
imal α-helix. A mutant lacking the MP region was cre-
ated and measured, but no noticeable difference could
be observed compared to the wild-type tail. This re-
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sult is interesting by itself, as it shows that the α-helix,
which is supposed to play a key role in the integrin ac-
tivation process is not binding tightly to talin. This is in
agreement with the fact that the MP region of integrin
has the same sequence in β1A and in β1D, but β1A has
a much lower affinity to talin. Hence, the MP part does
not have a measurable mechanical stability, raising the
question of how talin can compete with the α tail of in-
tegrin and disrupt the salt bridge between the α and β

tails.
The second hypothesis was an influence of the linker

connecting the two proteins in the fusion construct. The
length of the linker was too short to safely assume that
the force applied by the trap was the same as the one
felt by the bond. A mutant with a longer linker was de-
signed, showing canonical two-state kinetics. The mid-
point force dropped to 4 pN, because of the lower effec-
tive concentration, which is a direct consequence of the
longer linker. The unbinding rates are fast (∼ 100 /s)
across the whole force range explored, meaning that a
single bond cannot last longer than a fraction of a sec-
ond even in the absence of force. In analogy with the
α-actinin/titin interaction discussed in chapters 5 and
6, it is intriguing how such a dynamic bond can tightly
connect myotendinous junctions. Most likely, other in-
teractions between the talin/integrin complex and the
membrane could stabilise this bond, and an avidity ef-
fect may be involved also in this case.

The standard two-state behaviour of the long-linker
construct also rules out the hypothesis that a catch-bond
behaviour is involved in the talin F3/integrin β1 inter-
action. The addition of other talin domains to the fusion
construct could increase the probability of observing a
catch-bond.

8.8 summary

In accordance with the low affinities measured in bulk
for different talin and integrin isoforms, the mechani-
cal stability of this complex is very low. Only the talin
2 and the integrin β1D tail isoforms showed detectable
binding when a load is applied to a fusion construct, as
expected for their role in connecting neighbouring cells
in muscle fibers. However, even the strongest interaction
cannot last more than a fraction of second, showing that
additional elements must contribute to the tight anchor-
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ing of the cytoskeleton at the membrane. Additional ex-
periments prove that the membrane proximal region of
the cytoplasmic integrin tail is not able to resist signifi-
cant load, thus diminishing the key role assigned to this
region in the integrin-activation process.





9
B I N D I N G A F F I N I T Y A N D
O U T L O O K

The experiments performed in the previous chapter do
not allow the extraction of the binding affinity, nor the
binding kinetics. The pseudo first-order k̃on obtained
from the fusion construct—thus the measured binding
energy—depends on the effective concentration of one
molecule, in this case integrin, which is related to the
linker length, thus are not a good estimate of the bind-
ing kinetics. To circumvent this limitation, a competi-
tion assay can be employed to determine the dissocia-
tion constant KD and the on-rate kon (Sec. 3.5).1

In Sec. 9.1 the binding affinity of an integrin β1D mu-
tant with high affinity for talin is evaluated,2 as a control
for the competition assay. An important issue for the
evaluation of the competition data is further discussed
(9.2). The native peptide β1D is further employed in the
same assay (9.3) Some of the possible experiments, that
can be performed with the toolkit presented in this and
in the previous chapters, are listed in the outlook (9.4).

9.1 an integrin mutant has a high affinity

with talin

Fig. 67. Kinetic network of a
competition experiment. If the
same binding site is shared by
the tethered and the solution
peptides, competition is estab-
lished, and the open state is an
obligatory on-pathway interme-
diate for all exchanges.

An interesting mutant, called β1D_V, was employed
as a control for the robustness of the competition assay.
Thanks to the subsitution of three amino acids (D776–
Q778) with a single valine residue, the integrin tail has
a 1000-fold higher affinity with talin 2 (KD = 0.02 µM)
[5].

If a competition experiment is performed, the ex-
pected kinetic network is the one shown in Fig. 67. The
previous two-state system composed of the bound and
unbound states of the tethered peptide (Fig. 58C) is now

1 Since the fusion construct is used as a pure detector, the outcome of
these experiments should not be affected by the linker length. The
T2-β1D construct (Fig. 58) was employed for the following experi-
ments.

2 The sequences of all constructs presented in this chapter can be
found in appendix C.4.

73
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extended to account for the binding of the solution pep-
tide. Since the fusion construct is only used as a detector,
the original states were renamed as open and closed, and
from now on binding is always intended to occur from
solution.

Fig. 68. Short excerpt of a
passive-mode trace (preload
about 8 pN) in presence of 1 µM
β1D_V peptide in solution. The
colour coding corresponds to
the kinetic network of Fig. 67.

The addition of 1 µM of the β1D_V peptide to so-
lution (Fig. 68) leads to long-lived events (coloured in
cyan) at the same force level as that of the open state.
These dwell events correspond to binding of β1D_V
from solution, since this peptide shares the same bind-
ing site as the tethered peptide, and can bind only if
the fusion construct is open (see Fig. 67 and Sec. 3.5).
The whole passive-mode trace (150 s) is depicted in
Fig. 69B, where for simplicity only two phases were con-
sidered, the high-noise unbound phase (purple) and the
low-noise bound phase (cyan), as in the schematic of
Fig. 69D.

Fig. 69. Competition assay with
the peptide mutant β1D_V, at a
preload of 8 pN. (A–C) Passive-
mode traces of 150 s (full-length
traces can last as long as an
hour) with the addition of
0.1 µM (in A), 1 µM (in B) and
0.1 µM (in C) of the β1D_V pep-
tide in solution. The colouring
have been manually applied to
high (purple) and low (cyan)
noise regions. The dotted box
in B is the region zoomed in
Fig. 68. (D) Kinetic network in
the presence of solution pep-
tides. The binding from solu-
tion takes place in the open
state, since the tethered (β1D)
and the solution (β1D_V) pep-
tides share the same talin bind-
ing site.

A 0.1 µM

B 1 µM

C 5 µM

D

The average lifetime of the bound cyan state directly
leads to the off-rate of the β1D_V, whereas to calculate
the on-rates one has to consider that the sole open state
is competent with binding the peptide from solution.
In Fig. 69B, the preload is such (8 pN) that the open
and closed states have the same occupancies (zoom
in Fig. 69D). Hence—as first discussed in [99]—to ob-
tain the pseudo first-order on-rate k̃on, the purple dwell
events τon of Fig. 69B must be multiplied by the open
probability Popen measured in absence of solution pep-
tide, i. e. only considering the flipping open↔closed
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(Fig. 69D, in this case about 50 %). The on-rate kon can
be calculated as

kon =
1

τon(F, [β1D_V]) · [β1D_V] · Popen(F)
. (20)

Tuning the concentration of the β1D_V in solution
at the same preload (Fig. 69A,C) leads to similar dwell
times for the bound state (cyan dwells) and variable
dwell times for the unbound state (purple dwells), as
expected from the fact that the bound lifetime only de-
pends on the bond strength, while the binding time
gets shorter at higher concentrations. Also the applied
preload is expected to influence the binding time, since
it affects the open probability Popen (Eq. 20 and Fig. 70B),
while the off-rates are also force insensitive (Fig. 70A).

Fig. 70. Binding and unbind-
ing rates of the β1D_V. (A)
The unbinding rate koff is con-
stant at all probed concentra-
tions and forces. Dotted lines
mark the average value of all
traces at the same concentra-
tion. (B) The plotted pseudo
first-order rates are obtained by
the pure distribution of the pur-
ple dwell events of Fig. 69A–C,
thus they vary with the applied
preload and with the concentra-
tion of the solution peptide. Dot-
ted lines are fits with the func-
tion 1/τon(F), obtained by in-
verting Eq. 20, where the only
free parameter is the on-rate kon
(the open probability Popen(F) is
measured from the flipping re-
gions, and the peptide concen-
tration is known).
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Once the on- and off-rates are known, the affinity
can be calculated (Eq. 14). The average value of the
affinities obtained with [β1D_V] = 0.5, 1 and 2 µM is
0.15± 0.09 µM, a factor of 7 higher than that measured
using NMR [5].3

9.2 the “dead state” issue

A limitation of the previous measurements is the pres-
ence of low-noise, bound-like dwell events even in the
absence of solution peptides. A passive-mode trace at
the same average preload of Fig. 69 with the T2-β1D

3 An alternative and more elegant method to extract the affinity
would be a global fit of the data. If the ratio k̃on/koff is plotted
vs. [β1D_V], the dependence is expected to be linear (Eq. 16), with
the slope being 1/KD. The average was preferred over a global fit
because the extreme points would have a higher weight, while in
this case they are the less precise. At high concentrations the short
k̃on leads to a higher probability of missing events, with the risk of
everestimating the lifetime of the bound cyan state. At low concen-
tration, the presence of so-called dead-states would compromise the
correct assignment of the bound state. This effect is discussed in the
next section (9.2). For these reasons, the data at [β1D_V] = 0.1 and
5 µM were excluded from the affinity average.
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is shown in Fig. 71. On average, every 62± 45 s the in-
teraction between integrin and talin is somehow com-
promised, and the system lies in the open state for (on
average) 8± 3 s.

Fig. 71. Dead states. In the
absence of peptides in solu-
tion, the system The pseudo
first-order on-rate is k̃on =
0.016± 0.011 /s and the off-rate
is koff = 0.13± 0.05 /s.

A couple of experiments have been performed to in-
vestigate the reason of this behaviour, which is also
present in the T2-β1D_LL construct.4 In particular, two
control experiments were performed to rule out the pos-
sibility that some components used in the experimen-
tal protocol (Sec. C.2) interfere with the measured sys-
tem. First, the bovine serum albumin used to passivate
the surface was removed, and no difference was ob-
served. Afterwards, the glucose oxidase-catalase scav-
enger system was substituted with the alternative pro-
tocatechuic acid-protocatechate 3,4-dioxygenase system
[66], and also in this case the frequency and the lifetime
of the dead states were unaffected. Similar effects have
been observed over a broad range of proteins, for exam-
ple in the EF1-2 domain of calmodulin [111].

It has to be noted that, in the experiments shown in
the previous section with the stable variant β1D_V of
the integrin β1D tail, the frequency of the bound state
appearances (cyan dwells) was always faster than that
of the dead states, apart from the lowest probed concen-
tration of 0.1 µM. All data contain some putative bind-
ing events that are instead dead events, but this effect
gets more and more prominent at low concentrations.
At the concentration of 0.1 µM, the τon are comparable
to those between two dead events, hence the estimation
is not reliable anymore, and these data were excluded
from the affinity average of the previous section.

9.3 competition with the native β1d integrin

tail

In a second set of experiments, the β1D peptide with
the native sequence was added to solution, in analogy
to Sec. 9.1. Because of the lower affinity (KD = 36 µM,

4 For the kinetic analysis shown in Fig. 60 and Fig. 66, these events
were not considered.
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see [5]) compared to the β1D_V mutant, a higher con-
centration of the peptide in solution was employed.

Fig. 72. Competition assay with
the peptide β1D. (A–C) Passive-
mode traces of 1 s with the addi-
tion of no peptide (in A), 40 µM
(in B) and 200 µM (in C) of
the β1D peptide in solution. All
traces were recorded at simi-
lar preloads, and were analyzed
with the HMM algorithm, using
a two-state system.

A 0 µM

B 40 µM

C 200 µM

Fig. 73. Kinetic network of the
competition assay, in presence
of the β1D in solution. Given
the fast kinetics between the
open and the bound states, they
were merged for the HMM anal-
ysis of Fig. 72 into a single state,
in green.

A passive-mode trace with the addition of 40 µM of
β1D in solution is shown in Fig. 72B. Although the over-
all kinetics may seem similar to those in the absence of
solution peptides (Fig. 72A), the occupancy of the open
state is higher if β1D was added. The addition of more
peptide in solution (200 µM) leads to a even higher oc-
cupancy at the same preload of the open state (Fig. 72B).
The reason of this effect is that the open state is a mix-
ture of open and bound states (Fig. 73), the separation
of which is more challenging compared to the β1D_V
variant, because in this case the exchange between these
two states is fast. The lifetime of the bound state is ex-
pected to be in the order of 20 ms, which is the inverse
of the zero-force unbinding rate extracted from the teth-
ered peptide (60 /s, see Fig. 66B). Given the short bound
dwells, the separation of the bound and open dwells
with a time threshold (as described in Sec. 3.5) is not
possible anymore.

However, from the shift of the occupancies (Fig. 74A)
an estimation of the dissociation constant can be ob-
tained. Let us consider the midpoint force Fmid in the
absence of solution peptides.5 With increasing concen-
tration of the peptide, at the same preload the closed state
occupancy decreases. At F = Fmid, the relationship be-

5 The midpoint force is normally defined as the force where the two
occupancy branches intersect (see Box 5). In each passive-mode
trace the open and closed states have different forces. As a conse-
quence, the occupancy at the midpoint force is higher than 50 %.
Eq. 21 holds at a force where the closed occupancy in absence of
solution peptide is 50 % (8.1 pN), thus this was the force employed
as Fmid for the following estimations.
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tween Pclosed and the concentration of the peptide in so-
lution [β1D] is6

Pclosed =
1

[β1D]
KD

+ 2
. (21)
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Fig. 74. Affinity of the talin
2/integrin β1D interaction mea-
sured with the competition as-
say. (A) Occupancy of the closed
state at different forces and pep-
tide concentrations. The hori-
zontal dotted line marks the
0.5 closed probability in the ab-
sence of peptide. The vertical
line marks the midforce Fmid.
(B) Occupancy of the closed
state vs. peptide concentration,
at F = Fmid (vertical line in B).
The errors on the points are cal-
culated as 10 % of the values,
which is given by calibration er-
rors.

A fit of the data (Fig. 74B) returns KD = 8.7± 0.9 µM,
a value which is a factor of 4 lower than that pub-
lished in the literature. If this number is inserted in
Eq. 14 together with the off-rate at zero-force extrap-
olated from the rate vs. force plot (60 /s), the on-rate
for the talin 2/β1D interaction can be estimated to be
6.9± 0.8 /s µM. From Eq. 16, using the zero-force rates
of the fusion construct (Fig. 66B), the effective concen-
tration of the tethered peptide can be calculated to be
0.24± 0.08 mM.

The data analyzed in this section were taken from
regions that do not include any “dead” events, which
are present in all experiments. A strange observation in
the presence of 200 µM of the β1D is that the frequency
of dead events increases by a factor of three.7 Whether
these additional events are due to some strong bond
formed by talin and multiple β1Ds, or the presence of
many peptides in solution somehow inhibits the bind-
ing of the tethered peptide, cannot be said at this stage.

9.4 outlook

The combination of fusion constructs with the competi-
tion assay offers a versatile toolkit for the investigation
of the anchoring of talin at the membrane, as well as
the integrin activation process. From the presented data,
it is clear that the lifetime of the talin 2/β1D bond—
which is the most stable isoform combination found in
our body—does not exceed a hundred of milliseconds,
a time too short to provide long-term anchoring of the
cytoskeleton at the membrane.

The role of additional interactions has to be investi-
gated to give a better picture of the integrin-activation
process. In particular, the role of the membrane in stabil-
ising the talin/integrin bond is still unexplored, mainly

6 This formula can be obtained considering that, at equilibrium, KD =
(Popen/Pbound)[β1D], and, at Fmid, Pclosed = Popen. In addition, one
has to note that the sum of the occupancies Pclosed, Popen and Pbound
is unity.

7 This was not an isolated case, as the measurement was repeated
multiple times.
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because of the difficulties in combining affinity mea-
surements with lipids. Molecular dynamics simulations
showed that even in the absence of embedded integrin,
the talin F2–F3 domains can be recruited by the mem-
brane [57], but experimental evidence is still lacking.

Fig. 75. Schematic of a nan-
odisc. A lipid bilayer (in grey) is
kept soluble by two membrane
scaffolding proteins (in blue),
whose size determines the ra-
dius of the nanodisc. Trans-
membrane proteins can be em-
bedded in the membrane (in
green), and studied in bulk ex-
periments.

The recent development of synthetic cell-free mem-
branes, called nanodiscs, has paved the way for the
study of membrane-like lipid/protein interactions. A
nanodisc is a system composed of a lipid bilayer, whose
hydrophobic site is masked by membrane scaffolding pro-
teins, as shown in Fig. 75. Nanodiscs have been success-
fully employed in different applications such as NMR
[40] or Raman Spectroscopy [78]. Furthermore, differ-
ent lipids can be combined, thus mimicking the effective
charges of cell membranes.

A fascinating outlook for the previous experiments is
the application of the nanodisc technology to the com-
petition experiments described in the previous sections.
If a complete integrin can be embedded within a nan-
odisc, the combined effect of the cytoplasmic tail and
the membrane surface on the binding of talin could
be explored. A tighter binding should appear as an
increase in the open probability, if the native β1D se-
quence is employed (Sec. 9.3), or of the bond lifetime,
if the β1D_V mutant is employed (Sec. 9.1).8 The estab-
lished competition experiment is thus a powerful tool
to further investigate binding kinetics, hopefully also in
presence of membrane-embedded proteins.

A second possible application is the study of how
talin and kindlin compete for the binding of integrin.
Although different binding sites were found on the in-
tegrin tail for talin and kindlin, it is still under debate
whether they can simultaneously bind the same β tail,
and in that case, to what degree the affinities are influ-
enced. A new fusion construct and solution domains
could help to get more insights about the compatibility
of the different integrin substrates.

8 In principle, it is not known if a higher affinity results in slower
unbinding rates, in faster binding rates or in a variation of both rate
constants, but the hope is that the bond lifetime will be found to be
affected by the presence of the membrane. The use of the β1D_V
mutant embedded in the surface can have several advantages. The
high affinity allows the use of lower concentration in solution, on
the order of a µM, which could be more feasible for optical tweezers
applications. Moreover, the longer lifetime (well separated from the
dwell times of the open state) permits a more precise estimation of
the binding/unbinding kinetics.
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9.5 summary

Thanks to the addition of free peptides to solution,
the affinity of the β1D integrin tail with talin 2 could
be measured. A dissociation constant of ∼ 10 µM was
found, a factor of 3 lower than that estimated in pre-
vious bulk experiments. A mutant of the β tail with
1000-fold affinity was also employed as a control. The
competition assay serves as an exciting addition to the
toolkit for possible future experiments.
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S U P P L E M E N TA RY
E X P E R I M E N T S O N
α - A C T I N I N / T I T I N
I N T E R A C T I O N

In this chapter, some additional experiments on the
α-actinin/titin interaction (chapters 4, 5 and 6) are pre-
sented and discussed.

Sec. A.1 deals with the bimodal stability of the FB
state in the PullA-T7 and PullA-T1 constructs. After-
wards, some validations of the structural interpretation
of the FU state will be discussed (A.2). Moreover, a di-
rect measurement of the effective concentration of the
fused ligand is presented (A.3). Finally, a correction of
the rebinding kinetics for the PullT7 construct is ad-
dressed (A.4).

a.1 bimodal stability of the fb state

In sections 5.1 and 5.2 the typical unfolding pathway
of the PullA-T7 construct was discussed. In constant-
velocity experiments at the low pulling speed of
10 nm/s, the system has the time to refold/rebind at
low forces (Fig. 38), even if the force is monotonically
increased. Conversely, at higher pulling speed a single
unbinding/unfolding event can be observed, while re-
binding under force is very rare (Fig. 76A). Remarkably,
the unfolding force distribution over many cycles of the
same molecule is double peaked, pointing toward two
different binding modes of the T7 peptide (Fig. 76B).

Fig. 76. Unfolding force dis-
tribution of the PullA-T7 con-
struct. (A) Filtered unfolding
traces (N = 150) at the pulling
speed of 600 nm/s displayed vs.
trap distance for clarity. (B) In-
tegrated histogram of unfolding
force distribution, fitted with a
double sigmoid function (black
dotted line). The real force dis-
tribution is a skewed Gaussian,
but for this integrated distribu-
tion a simple sigmoid function
(the integral of a Gaussian is a
sigmoid) is employed.

A B
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Also passive-mode traces depict a similar behaviour.
Fig. 77A shows a contour length vs. dwell time scatter
plot of a long passive-mode trace (the same from which
Fig. 40 was excerpted). The cumulative normalised dis-
tributions of the dwelltimes were calculated and fitted
with single exponential functions (Fig. 77B). The UU
and FU states (red and green) were exponentianlly dis-
tributed, whereas the FB state (purple) distribution was
better fitted by a double exponential function, at all mea-
sured forces (Fig. 77C), including the unbinding rates
at high forces coming from the jump assay. The two
unbinding rates extracted from each trace have a sim-
ilar slope in the rate vs. force plot, indicating a similar
distance from the transition state (Fig. 77D). The differ-
ence in the zero-force unbinding rates between the two
branches is about a factor of 10.

Fig. 77. Dwelltime analysis of
PullA-T7 (A–D) and PullA-T1

(E–F) passive-mode traces. (A)
Contour length vs. dwelltime
plot of a 55 s trace. (B) Inte-
grated distribution of the dwell-
times depicted in A, and single
exponential fit functions (dotted
lines, Eq. 10). (C) Integrated dis-
tribution of the dwelltimes rela-
tive to the F states, at different
forces (each curve corresponds
to a passive-mode trace), with
double exponential fits (solid
lines, Eq. 11). The dotted line is
the single exponential fit of the
trace at the left, as an example.
(D) Rate constants extracted at
different forces from the double
exponential fits. Square dots are
obtained using the jump-assay.
Rates from each phase was fit-
ted to extract the zero-force rate
constant (solid lines). (E) Same
as in C, but for the PullA-T1 con-
struct. (F) Same as in D, but for
the PullA-T1 construct.
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The double exponential distribution of the FB state in
passive-mode assays, as well as the double peak distri-
bution of the unbinding forces, indicate a model where
the tethered T7 peptide has a bimodal stability. Inter-
estingly, the dwell times of the peptide-bound state FB
follow a double exponential behaviour at all forces also
for T1 (PullA-T1 construct, Fig. 77E–F), while a single
exponential distribution is observed for the binding of
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T3 and the neck. Also the PullT7 construct exhibit a sin-
gle binding mode of the T7 peptide.

A possible explanation of the bimodal stability of the
T7 peptide in the PullA-T7 construct (and T1 in PullA-
T1) is the presence of two different binding sites on the
EF3-4 with different stabilities, or, alternatively, two dif-
ferent binding modes on the same site. An example for
the latter hypothesis is shown in Fig. 78, based on ge-
ometrical considerations. The length of the linker be-
tween the EF3-4 and the titin Z-repeats permits two
different binding configurations, shown in Fig. 78B–C.
Depending on the position, the linker entropy—related
to the stretching degree— is different, affecting the bind-
ing energy.

Fig. 78. Example of bimodal
binding stability in fusion con-
structs. (A) NMR structure of
α-actinin EF3-4 and titin T7 (see
Fig. 36), with the addition of
the 4×(GGS) linker. The struc-
ture of the linker was simulated
using the software Coot. (B–C)
Two possible arrangments of the
linker are allowed (in front or
behind the complex), leading
to different end-to-end lengths,
thus entropies. The measured
binding energy is affected by
the energy needed to stretch the
linker.

A B C

This hypothesis seems to be supported from the com-
petition assay, where no linker is present and the bind-
ing of the peptide from solution is unimodal. The weak
binding peptides T3 and neck may still have two bind-
ing modes, but owing the lower binding energy, the
weaker branch could be too fast to be detected. In the
PullT7 construct, where three amino acids have been
added to the linker in order to separate the cysteine and
the T7 α-helix, the linker may be long enough to have
similar entropic energies in both configurations.

In Fig. 44 and in Table 2, the stable phase of the dou-
ble exponential distribution was employed. The main
reason for that choice is that the extracted zero force
off-rates of PullA-T7 coming from the stable branch
are compatible (within a factor of two) with the force-
free unbinding rates from solution (competition assay)
and are identical to those extracted with the PullT7 con-
struct.
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a.2 the pulla construct and the fu state

There are mainly two lines of evidence to support the
statement that the short green events observed in the
fusion constructs correspond to a configuration where
the EF3-4 is folded and the tethered peptide is unbound
(FU state). The first, and most important one, is given
by a construct (named PullA) where the only EF3-4 do-
main is subjected to load. The force data obtained with
PullA are summarised in Fig. 79. Since the unfolding
starts at very low forces (already at zero load, the do-
main is expected to spend half of the time unfolded,
Fig. 44A) no transitions can be observed using force
ramps (Fig. 79A), but in passive-mode experiments the
short green spikes can be detected (Fig. 79B). The fre-
quency and lifetime of the green dwell events is com-
patible with data coming from the PullA-T7 construct,
at the same preload.Fig. 79. Data from the PullA con-

struct, alone (first column) and
in presence of T7 in solution
(second column). (A) Constant-
velocity traces at the speed of
20 nm/s. A blue WLC curve
was calculated and plotted to
obtain the expected CL gain of
22 nm. This curve is not a real
fit and has the only purpose to
guide the eye. (B) Passive-mode
traces with colour coding as in
Fig. 40A. (C) Constant-velocity
traces with T7 in solution at the
speed of 100 nm/s. (D) Same as
in B, with the binding from so-
lution depicted in cyan. (E) Con-
tour length gain vs. dwell time,
with T7 in solution. An offset of
12 nm is applied, to help com-
parison with Fig. 77A.

A

B

C

D

E

Adding the T7 peptide to solution leads to a stabili-
sation of the FU state upon binding, observable in force
ramps (Fig. 79C) and passive mode (Fig. 79D–E). The
measured affinity was in agreement with that measured
using the PullA-T7 construct. The presented data rule
out the hypothesis that the green spikes are some kind
of intermediate unstable configuration, where the pep-
tide forms a non-native structure with part of the EF3-4
domain.

Another confirmation to this model is the fact that
the UU↔FU transitions had similar kinetics in all fu-
sion construct, even with different tethered peptides.
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Moreover, competition assays with T7 in solution per-
formed using tethered T1, T3 and T5, always led to sim-
ilar affinities of T7 to EF3-4, indicating the same func-
tionality of the EF3-4.

It has to be noted that, altough a kinetic network
with FU as an obligatory on-pathway intermediate was
employed, in principle the folding of EF3-4 may occur
upon binding of T7. Even considering such a possible
direct pathway between UU and FB, the kinetics would
not change drastically, as well as the titin anchoring life-
time estimated in Sec. 6.2 (Eq. 19). In fact, the unbind-
ing rates of T7 do not depend on FU being on- or off-
pathway, while the rebinding kinetics is better depicted
by the PullT7 construct, where the UU and the FU states
cannot be separated.

a.3 effective concentration of the tethered

peptide

It was shown in Sec. 5.5 that the competition assay al-
lows the extraction of the affinity between the EF3-4
domain and the T7 peptide. Once the affinity KD is
known, the effective concentration of the tethered pep-
tide [Ptethered] can be obtained by inverting Eq. 16. Insert-
ing the rates k̃on and koff of the T7 peptide extrapolated
from the fusion construct (Fig. 44B and Table 1), the
resulting effective concentration would be 2 mM. This
value is not very different from that estimated from ba-
sic geometrical considerations (Box 14).

A

B

lin
ke
r

D

L

Fig. 80. Effective concentration
calculation. Fixing the position
of the molecule A, the effective
concentration of B can be calcu-
lated considering the presence
of one molecule in the volume
allowed by the linker. This es-
timation is valid if the linker
length L is significantly longer
than the distance D between the
linker attachment point on A
and the binding site on A.

box 14. a rough estimation of the effective

concentration

A rule of thumb for the evaluation of the effective concentra-
tion would suggest to consider that the linker of length L con-
necting EF3-4 and T7 limits the diffusion of the peptide to a
sphere of radius L (Fig. 80). The concentration can be calcu-
lated by dividing the number of particle (one ligand) by sphere
volume. The linker length is related to the number of amino
acids and the backbone length of each amino acid, in this case
L = 12 aa× 0.365 nm = 4 nm. The concentration of the tethered
peptide can be estimated as 3 mM. This rough approximation
works in the hypothesis that the linker anchoring point on A
is in close proximity to the binding site, namely D � L in
Fig. 80.

To obtain a more precise estimate of [Ptethered], a new
assay was introduced, combining the competition and
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the jump assays. The idea is to calculate the concen-
tration of the tethered peptide using a known concen-
tration of T7 peptide in solution, and comparing the
pseudo first-order on-rates. In practice, the number of
binding n of the tethered vs. the free peptides in a time
trace are linked by

ntethered

nfree
=

[Ptethered]

[Pfree]
, (22)

derived from Eq. 16, with kon = n/texperiment.
One would be tempted to apply this method to the

passive-mode trace of Fig. 45A, but in that case the
tethered peptide is disadvantaged, because a transition
FU→FB is against force. More technically, the pseudo
first-order on-rate of the tethered peptide (under force)
is not the same of the free peptide (force-free). In that
experiment (Ptethered = 52 µM), one would find only a
factor of 3 between the number of appeareances of the
tethered and free peptides. However, if the competition
could be performed at zero force, Eq. 22 would hold,
but at zero load the resolution does not allow the sepa-
ration of the different states.
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Fig. 81. Three-jump assay. The
system is driven from a low-
force level (∼2 pN), where re-
folding of EF3-4 and rebinding
of T7 is promoted, to a middle-
force (∼9 pN), where binding
of tethered or solution pep-
tides could be distinguished,
and finally to a high force level
(∼21 pN), where the system is
reset to the unfolded/unbound
state. The waiting times are re-
spectively 20, 50 and 30 ms.

To bind the peptides at zero force and be able to dis-
criminate which peptide (free or tethered) has bound to
the EF3-4, rapid jumps were performed, between zero
force (binding level) and ∼9 pN (detection level). In ad-
dition, after the detection level a third jump at the high
force of ∼21 pN (unbinding level) was introduced, to
reset the system in the UU state. Fig. 81 shows a 1 s ex-
tract of a 100 s trace: By tuning the time spent at each
level, it is possible to obtain 10 events/s. The concen-
tration of the tethered peptide obtained with Eq. 22 is
0.64± 0.07 mM.

a.4 correction of pullt7 rebinding rates

To analyze the passive-mode traces of the PullT7 con-
struct (Fig. 49A) a two-state system was assumed, since
this pulling geometry enables only the the FB↔FU tran-
sition. This hypothesis holds only if the EF3-4 spends a
negligible time in the unfolded state, which is not the
case. As discussed in the Sec. 5.4, the EF3-4 domain has
a very low stability: even at zero-load, it spends about
50 % of the time in the unfolded state. In the PullT7

geometry, the monitoring of the EF3-4 unfolding is sup-
pressed, since it is not associated to any contour length
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change (Fig. 82). The UU state, hidden in this construct,
slows down the rebinding of the T7 peptide, while the
unbinding lifetimes are unaffected.

hidden
transition

Fig. 82. Schematic of the correct
kinetic network of the PullT7

construct.

A correction of the PullT7 data can be applied on the
base of the zero-force population probabilities and rate
constants extrapolated using the PullA-T7 construct. In
particular, the zero-force exchange rate between UU and
FU, which is ∼100 /s in both direction (Fig. 44A), can be
used to correct the rates and the dissociation constant.

binding rates The uncorrected binding rate con-
stants of T7 are shown in Fig. 50A (green dots), and
lie in the range of 1–30 /s. The exchange rate UU↔FU
of 100 /s implies that the EF3-4 domain undergoes a
few folding/refolding transitions before every peptide
rebinding. Hence, it is reasonable to assume that the an-
alyzed green dwell events are an equal mixture of FU
and UU events. It follows that all binding rate constants
of Fig. 50A are half of the real ones. The zero-force ex-
trapolated binding rates has to be accordingly corrected
for a factor of 2 (Table 1).

dissociation constant The dissociation constant
measured in the competition assay can be corrected con-
sidering a factor of 2 in the binding rates. Intuitively, the
time spent by the system in a state competent of bind-
ing the peptide in solution is half of the one calculated.
If the real binding rate is twice the measured one, the
dissociation constant has to be halved, as it follows from
Eq 14. The corrected value is KD = 4± 2 µM, in perfect
agreement with that obtained from the PullA-T7 geom-
etry.
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T E C H N I Q U E S F O R T H E
D U M B B E L L A S S AY

In this chapter new bioconjugation approaches to create
a dumbbell assay in a dual-beam optical trap (Fig. 8) are
discussed. In particular, the critical step is the coupling
of the protein construct with the DNA oligonucleotides,
especially without employing mutated cysteines. The
first part of the chapter contains a general introduction
to bioconjugation techniques (B.1) and a list of require-
ments for choosing an effective conjugation strategy in
a dumbbell assay (B.2). Afterwards, the typical method
based on cysteine modification is discussed (B.3) fol-
lowed by an alternative approach based on protein tags
(B.4). The last four sections deal with two different tag-
based approaches to create a cysteine-free dumbbell as-
say. A strategy using the HaloTag is presented (B.5) and
progressively applied first to a known protein construct
(B.6) and then to a new protein/protein interaction in-
volving a cysteine in the native sequence (B.7). In the
last section, the ybbR tag labelling is investigated as
a versatile method for protein coupling with oligonu-
cleotides (B.8).

b.1 introduction

Fig. 83. Cell image with fluore-
cently labelled actin (in red) and
microtubules (in green). Image
courtesy of Leone Rossetti.

Bioconjugation techniques are the key ingredients of
each biochemical and biophysical measurement. The
identification and tracking of sub-micrometer-sized bio-
logical structures heavily relies on sample labelling with
radioactive isotopes, heavy metals or fluorescence dyes.

Depending on the requirements, different labelling
specificities have to be achieved. In separation tech-
niques such as agarose or SDS-PAGE gels, all DNA or
protein molecules of the sample are stained. More of-
ten, it is crucial to label specific proteins, like the dif-
ferent cytoskeleton filaments (Fig. 83), or even a single
aminoacid, like in FRET measurements, where the en-
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ergy transfer between two fluorophores is used to mon-
itor the dynamics of protein/protein interactions or pro-
tein conformational changes (Fig. 84).

Fig. 84. Observation of pro-
tein/protein interaction by
FRET. Under excitation with
blue light, energy transfer
between the two dyes results
in green light emission when
they are in close proximity,
i.e. when the two molecules
associate. Since the FRET
efficiency strongly depends
on the distance of the dyes in
the bound conformation, the
labelling position is critical in
this case.

Single-molecule force spectroscopy relies as well on
the ability to precisely define the pulling geometry,
possibly without affecting the mechanical behaviour of
the components under study. The PullT7 construct pre-
sented in Sec. 5.7 is a good example of a non-standard
pulling geometry1 that helped to better understand the
force propagation of a protein complex under physio-
logical conditions. Another example is a recent study
on the π-π stacking between DNA base pairs, which
was only possible by using rigid DNA origami nanos-
tructures, in order to adopt a face-to-face geometry of
the aromatic rings [59]. In the last twenty years, AFM
studies have been pioneering in bringing new bioconju-
gation techniques to the SMFS field [63, 92, 116, 117].

b.2 requirements to get a working dumbbell

assay

PROTEIN

PROTEIN
OLIGO

PROTEIN
OLIGO

DNA HANDLE

OLIGO +

DNA HANDLE

Fig. 85. Coupling of oligonu-
cleotides and DNA handles to
the target protein. First, the pro-
tein is incubated with modified-
oligonucloetides to form a co-
valent bond. In a second step,
the DNA handles are added,
that hybridise to the oligonu-
cleotides.

The procedure used to conjugate the protein to the
trapped beads was described in Sec. 2.5. To summarise,
the protein is first coupled to short DNA oligonu-
cleotides (oligos) in the two points where the applica-
tion of force is required (Fig. 85). From this step on, the
assembly of the dumbbell is straightforward, since the
hybridisation of the oligos with the DNA handles, as
well as the binding to the functionalized beads, are fast
and reliable processes. Therefore, the main challenge is
to bind the desired protein to the oligos, possibly with
the following requirements:

specificity The attachment positions of the oligos are
the points where the force will be applied. Hence, it
is fundamental that exactly two binding sites can be
placed within the protein construct.

efficiency Although the reaction can be prolonged
over night, the binding has to be fast enough at room
temperature, or even better at 4

◦C. Some proteins
may survive a long exposure at 37

◦C, but a proto-
col that involves incubation at such temperatures for
a few hours is not applicable to every systems.

1 A standard pulling geometry is intended as N- and C-termini
pulling positions.
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mechanical stability The bond has to be covalent,
or at least strong enough2 to withstand the forces
applied during the experiments (∼0–50 pN). More-
over, if the approach involves the introduction of ad-
ditional protein domains, they have to unfold at high
forces, like the ubiquitin domains used as spacers in
some construct within this work.

oligos availability Not many oligo modifications
are available on the market.3 The conjugation design
has to take this factor into account.

portability In some cases—for instance the PullT7

construct of Sec. 5.7—the pulling points need to be
placed inside the protein, and not at the N- and C-
termini. The conjugation of the oligos must not inter-
fere with the folding/binding mechanics of the sys-
tem.

To select a robust bionconjugation technique, all afore-
mentioned requirements have to be fulfilled. Nonethe-
less, since in the majority of force-spectroscopy applica-
tions a sophisticated pulling geometry in terms of inter-
nal tethering is not required, an approach that satisfies
the first four requirements (all but portability) is still a
valid one.

b.3 beyond cysteine modifications

The excellent review of Stephanopoulos and Francis
[109] presents a practical workflow for choosing the
most suited bioconjugation technique for protein la-
belling. Using the requirements presented in the previ-
ous section, the easiest choice one encounters following
the workflow is the insertion of two cysteine residues
at the desired positions: first, cysteines are very rare
amino acids (about 1 % in Human and E. coli [79]), thus
a few—or sometimes even any—mutations are needed.
Second, they carry a thiol group that can be covalently
coupled to a range of chemical groups such as thiol,
maleimide and iodacetamide, some of them available
for oligo modification. Third, the addition of a cysteine
is a single point mutation that can be placed more or

2 The streptavidin-biotin bond employed for bead coupling is not co-
valent, but it is one of the strongest non-covalent bond known in
nature [42].

3 Although many companies offer custom oligo conjugation, the fea-
sibiliy and purity of the sample are difficult to predict.



94 alternative bioconjugation techniques

less in every loop region of a protein, usually with min-
imal interference with the stability of the protein. No
surprise that cysteine modification is the most common
conjugation approach in force-spectroscopy.

Nonetheless, the addition of cysteines at the pulling
positions requires the mutation of all the other internal
cysteines.4 A mutation using an amino acid with similar
structure (serine) or similar chemical properties (valine)
may in many cases not affect the mechanical stability of
the protein. However, there are situations where many
cysteines are present and/or they are required for func-
tional or structural reasons. Moreover, alternative con-
jugation approaches could be employed in order to use
cysteines for other applications, for example fluorescent
labelling (Box 15).

Fig. 86. Schematic of a hybrid
setup with dual-beam optical
tweezers (orange lasers) and
confocal fluorescence (green
laser), also called fleezers. UvrD
helicase is labelled with a
fluorophore. The number of
proteins required to unzip a
DNA harpin is observed by
combination of fluorescence
and force signals [18].

box 15. combining single-molecule

fluorescence and force-spectroscopy

Another reason for investigating orthogonal chemistries to cys-
teine conjugation is to utilise cysteine residues for fluorescence
experiments. It is remarkable how all the information obtained
from the SMFS data are coming from one variable—the protein
extension, thus the force—observed over time. A recent exper-
iment on helicase activity (Fig. 86) paved the way to the addi-
tion of orthogonal information by combining single-molecule
fluorescence and force spectroscopy [18]. Comstock et al. inves-
tigated the number of UvrD helicases necessary to unwind a
DNA hairpin, monitoring unwinding activity with the force
signal (optical tweezers) and counting the number of proteins
by photobleaching (fluorescence). Moreover, they showed how
the combination of FRET and optical tweezers allows the corre-
lation of the two structural conformation of the UvrD helicase
with its function of zipping or unzipping a DNA hairpin. To
label a protein for fluorescence applications, cysteine modifica-
tion is an unique tool, because it is highly specific and requires
a single point mutation. Another strategy with the same spa-
cial resolution (a single point mutation) is the use of unnatural
amino acids [135], but the incorporation of them into a protein
is not a straightforward process.

4 Cysteines can covalently crosslink, thanks to the disulfide bond
formed by their thiol residues. Cysteines that are hidden inside the
structure of the protein, i. e. that are not at the surface of a domain,
are not exposed to oligo coupling. Nonetheless, if two or more cys-
teines are present, repeated unfolding and refolding cycles can favor
crosslinking. The disulfide bond can be disrupted by addition of re-
ducing agents, but the refolding kinetics would be modified. The
purpose of this chapter is to discuss an approach as general as pos-
sible, thus the presence of internal cysteines is overall unwanted, if
the cystein-modification pulling approach is chosen.
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b.4 protein tags as an alternative approach

The most promising alternative approach satisfying the
requirements listed in Sec. B.2 is the incorporation of
protein tags within the protein construct. A couple of
different tags—ranging from a few amino acids to big
domains—have been identified to have binding partners
(termed ligands hereafter) with which they form a cova-
lent bond. Some examples are the SNAP tag [58], ybbR
tag [131], CLIP tag [36], SpyTag [68] and HaloTag [73].

The applicability of protein tags for optical tweezers
measurements is shown in Fig. 87, for simplicity start-
ing from the standard N-C-termini pulling geometry. If
the protein under study is recombinantly expressed, the
DNA sequence of the tag can be introduced in the plas-
mid, before and after the sequence of the target protein.
The only concern is the final size of the construct, espe-
cially if expression is carried out in E. coli.5
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Fig. 87. Oligonucleotide conju-
gation to a target protein in a
tag-based approach. Two tags
are fused (here at N- and C-
termini) via recombinant tech-
niques, and the incorporation
of ligand and oligos can be ob-
tained following two pathways
(A and B).

Once the protein harbouring two tags is expressed,
there are two possible ways to let the protein, the ligand
and the oligos bind together, as depicted in Fig. 87.

In the next sections two different tag-based strategies
are investigated, in both cases drawing inspiration from
recent AFM studies.

b.5 halotag

Fig. 88. Structure of the com-
plex formed by HaloTag and
HaloTag TMR ligand®, and
zoom of the binding cavity. A
TMR ligand is shown as an ex-
ample, but range of ligand mod-
ifications is available.

The HaloTag is a 33 kDa domain which is able to bind
a chloroalkane ligand with all the requirements listed
in Sec. B.2, except the last one: the size of the Tag do
not permit any other fusion than N- and C-termini. The
HaloLigands® can carry a variety of modifications, and
bind covalently the residue D106 of the HaloTag in a
fast and autocatalitic reaction, i. e. no enzymes are re-
quired.6

The unfolding behaviour of the HaloTag has been
probed by AFM [96, 116]. The measured unfolding
forces were higher than 100 pN in both possible N- and
C-terminal incorporations in a polyprotein construct
[96]. If the HaloTag is fused at the C-terminal of the
protein, the N-terminal side is under load (amino acids

5 There is no teoretical limitation to this value. Protein until 100–
120 kDa with a good solubility are usually expressed well.

6 The HaloTag has been obtained by mutating some amino acids
of an haloalkane dehydrogenase (DhaA) protein from Rhodococcus
rhodochrous. In particular, the point mutation H272F has been per-
formed to create a stable covalent bond (Fig. 88).
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1-106, called N-HaloTag); viceversa, incorporation at the
N-terminal exposes to force the C-terminal region of
the tag (amino acids 106-299, C-HaloTag). The observed
contour length gain allowed Popa et al. to hypothesise
that the first 35 and the last 29 amino acids unravel at
low forces (.30 pN), not detectable with AFM (Fig. 89)
as summarised in the following table:

Construct
aa under

force

expected

CL [nm]

measured

CL [nm]

aa

missing

N-HaloTag 106 39.7 26.5± 0.6 1-35

C-HaloTag 193 70.5 66± 2 271-299

Fig. 89. Topology of the HaloTag
in the two pulling geometries
[96]. The coloured regions mark
residues under force. From the
CL gain of the N-HaloTag (top),
the amino acids 1-35 (first two β

strands) have been assumed to
unfold at low forces. Using simi-
lar arguments on the C-HaloTag
(bottom), the last α helix (271-
299) is also expected to unravel
at forces lower than 30 pN.

Hence, it is possible that the the unfolding of these
sectors occurs in the sensitive force region of the opti-
cal tweezers, interfering with the unfolding/unbinding
events under investigation.

The HaloTag has been also employed in optical tweez-
ers applications, in order to couple target proteins to
DNA handles [11, 29]. Although this insertion did not
seem to harm the resolution of the apparatus, none of
the previous works investigated low-force effects.

b.6 halotag with a known target protein

linker

C-HaloTag N-HaloTag

T7EF3-4

Fig. 90. HaloTag construct
equivalent to the cysteines fu-
sion construct of Fig. 37. In the
HaloTag version, at both N- and
C-termini a tag is introduced
to substitute terminal cysteines.
The pulling positions (at residue
D106) are marked by cyan dots.

In order to test the mechanical stability of the
HaloTag at low forces, a target protein with a well-
known fingerprint in the force range 0–5 pN would
be suited. To this purpose, the PullA-T7 construct pre-
sented in chapter 5 was chosen as a template. The tar-
get protein is rather small (∼10 kDa), thus a variant
where it is sandwitched between two HaloTags is fea-
sible. Hence, a construct was designed, called PullA-
T7(halo), where the tags were fused at both termini,
substituting previous ubiquitin domains and cysteines
(Fig. 90).

Among the range of HaloLigands®, the Iodacetamide
(O4) Ligand was selected, because the Iodacetamide
group form a covalent irreversible bond with the thiol
group. The ligand was coupled to thiol-modified oligos,
following the path B of Fig. 87.7 Since the ligand is small
(0.5 kDa) compared to the oligos (11 kDa), size exclusion

7 There are other options to obtain the same result, for example fol-
lowing path A of Fig. 87, but also changing oligos and ligand modi-
fications.
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chromatography allows the separation of the unreacted
ligand from the ligand+oligos fraction (Fig. 91).8
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Fig. 91. Size-exclusion chro-
matogram of the solution
containing the iodacetamide-
modified HaloLigand and the
thiol-modified oligos (absorp-
tion at 290 nm). *= ligand+oligo.
#= unreacted ligands.

This reaction was then incubated over night at 4
◦C

with the PullA-T7(halo) construct, and again using size-
exclusion chromatography the fraction corresponding
to a protein and two ligand+oligo molecules was iso-
lated (more details on the incubation steps are in ap-
pendix C.5).

To probe the unfolding pathway of the PullA-T7(halo)
with optical tweezers, a combination of force ramps and
passive mode was applied, as shown in Fig. 92A. In this
way it is possible to monitor the presence of HaloTag un-
folding events at the upper force limit, before the traps
lose their linearity.

A

B

C

Fig. 92. Unfolding of PullA-
T7(halo). (A) Measuring
assay. The trap distance was
first increased at a constant
velocity (CV). Afterwards,
the trap distance was kept
fixed (passive-mode, PM)
at a preload of ∼30 pN.
(B) Constant-velocity data.
∆L1 =33 nm; ∆L2 =10 nm. (C)
Two examples of passive-mode
data (two different molecules)
at high forces. The contour
length gain of the unfolding
event ∆L3 is reported.

The constant-velocity trace in Fig. 92B shows the typ-
ical combination of the T7 peptide unbinding and the
EF34 domain unfolding (∆L1, see Fig. 38 for compar-
ison). Furthermore, an additional unfolding event at
a force of 25 pN is present, with a CL gain ∆L2 =

9± 1 nm.9 This second event has never been observed
in the cysteine construct PullA-T7, thus it has to be as-
cribed to the unfolding of some region of the HaloTag.
As discussed in the previous section, two different por-
tions of the HaloTag are under load, the N-terminal
region 1-106 and the C-terminal one 107-299. The ob-
served contour length ∆L2 could indicate the unfolding
of the first two N-terminal β strands (Fig. 89).10

8 The peak depicted by a * in Fig. 91 is in fact a mixture of reacted oli-
gos (ligand+oligo) and unreacted oligos. Note that the unreacted
oligos carry an exposed thiol group, whose interaction with ex-
posed cysteines of the target protein can be inhibited by the use
of reducing agents, e. g. tris(2-carboxyethyl)phosphine (TCEP). Con-
sequently, they won’t interfere with the measurments.

9 The presented HaloTag unfolding pathway of Fig. 92 is not the only
one observed, but the most frequent, observed in more than 80 % of
the measured proteins. Moreover, the unfolding force depends on
the pulling speed, ranging from 15 to 30 pN.

10 The measurement of the expected CL gain from the crystal structure
(PDB id: 4KAF) is not straightforward. The structured amino acids
start from residue 12, that is separated by 2.4 nm from residue 35 in
the folded conformation. Assuming the unraveling of residues 12–
35, the expected CL gain would be 24× 0.365 nm− 2.4 nm = 6.4 nm.
Assuming instead the unravelling of all 35 amino acids, the initial
separation is hard to estimate (there is no structure of the first 12

amino acids), while the total CL of the region would be 12.8 nm. The
observed CL gain could indicate the presence of intermediate con-
ditions, but a more precise analysis is not possible based on these
data. On the other hand, the last 29 amino acids of the tag would
lead to a lower CL gain, of about 5 nm.
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Driving the system to forces above 30 pN and keeping
it in passive mode (Fig. 92C) reveals a further unfolding
event within a couple of seconds, associated with a CL
increase ∆L3 = 22± 1 nm. The CL gain of this event is
a slightly shorter than that observed for the N-HaloTag
(see Table 2), while the lower unfolding forces compared
to the AFM experiments can be explained by the use of
different measuring assays: a protein can resist to signif-
icantly higher forces before unfolding if pulled by fast
force ramps, compared to passive-mode experiments.11

Fig. 93. Passive-mode trace of
PullA-T7(halo) construct in the
low force range. Three states
can be recognised, as in the anal-
ogous PullA-T7 construct ex-
plored in Sec. 5.2.

The resolution of the experiments below 10 pN, i. e.
before the HaloTag starts unravelling (∆L2), is not
harmed by the presence of the tags: A passive-mode
experiment was performed at 3.5 pN of pretension, and
the transition ∆L1 of Fig. 92B shows the typical three-
state network of the PullA-T7 geometry (Fig. 93, to be
compared with Fig. 40). The data have the same reso-
lution and lead to the same extracted kinetics as the
cysteine-based conjugation technique. Hence, it can be
asserted that the HaloTag approach is appropriate for
the study of molecular interactions below 10 pN. At
higher forces, unravelling of parts of the tag may ham-
per the investigation of the protein under study. In the
next chapter, an application of the HaloTag technology
is presented.

b.7 interaction of α-actinin 2 with the neck

region

As introduced in Sec. 4.1 (Box 7), the regulatory model
for α-actinin states that the EF3-4 domain of one sub-
unit binds the neck region of the opposite subunit, thus
inhibiting the binding of titin Z-repeats. In the Z-disk,
the presence of PIP2 decreases the affinity of the EF3-
4 with the neck, thus enabling the recognition of titin
Z-repeats.

Remarkably, only a truncation of α-actinin carring the
ABD, the neck and the SR1 showed a measurable affin-
ity with the EF3-4, while the binding of the neck pep-
tide lacking the neighbouring domains was never ob-
served. Using the same strategy adopted to probe the in-
teraction of EF3-4 with several titin Z-repeats (Sec. 6.1),
a fusion construct of EF3-4 and the neck was created
(named pullA-neck), with N- and C-termini pulling po-

11 This behaviour, known as the Bell-Evans effect, is related to the
loading-rate dependence of the rupture force [39].
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sition. Since the neck region carries a cystein in one of
the four key binding positions (see Table 2), the only
way of measuring such interactions using the standard
cysteine modification is to mutate the cysteine present
in the neck with another residue (complete sequences in
appendix C.3). In this case a valine residue was chosen,
because it is the most common residue present in that
position in the titin Z-repeats.

A

B

C

Fig. 94. PullA-neck construct
under force. Colour coding as
in Fig. 51. (A) Constant-velocity
trace, with schematic of the
construct. At very low forces,
rapid transitions between the
bound state and the unbound-
/unfolded state can be ob-
served. (B) Passive-mode trace.
Three states can be identified
from equilibrium traces, as for
the other fusion constructs ex-
plained in Sec. 5.2. (C) Rate
constants extracted from differ-
ent passive-mode experiments.
In grey, data from the PullA-T7

construct, for comparison.

The pullA-neck construct reveals a very weak interac-
tion between the EF3-4 and the neck (Fig. 94). The free-
energy of the binding is only 0.2 kBT, and the calculated
affinity (see Sec. 6.1) is 0.24± 0.16 mM.

In parallel, a construct with two HaloTags at the ter-
mini and the original internal cysteine in the neck was
designed. This construct, named PullA-neck(halo), is
analog to the PullA-T7(halo) described in the previous
section, with the substitution of the T7 peptide with
the native neck sequence. The binding energy extracted
with the native sequence and the valine-mutated con-
struct are compatible, showing that the low affinity is
not due to the point mutation, but rather to the lacking
of the neck neighbouring domains.

b.8 ybbr tag

The ybbR tag is an 11 amino acid sequence coming
from the Bacillus subtilis genome. It was identified as
a substrate for the Sfp phosphopantetheinyl transferase,
an enzyme that catalyzes the covalent binding of small
molecule carrying a coenzyme A (CoA) modification
[131]. The tag is an excellent candidate for versatile la-
belling of target proteins, fulfilling all the criteria of
Sec. B.2. Notably, the small size (only 11 residues) in-
creases the portability: Labelling of target proteins was
achieved not only with tag fusion to N- and C-termini,
but also with tag insertion in flexible loop regions [131].
The tag has been successfully introduced in AFM stud-
ies, with high efficiency and short reaction times [95].

The main concern for optical tweezers applications is
whether the peptide can fold in solution. A structured
tag, as already discussed for the HaloTag in Secs. B.5
and B.6, may unravel at low forces, thus interfering with
the unfolding events of the target protein. However, the
sequence used in literature was reported to have an he-
lix content of 35 % in acqueous TFE [44], which points
to very low mechanical stability.
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To test the usability of the tag in a dual-beam optical
tweezers setup, again the PullA-T7 fusion construct of
Fig. 37 was used. Following the path B of Fig. 87—CoA
acts as the ligand—two ybbR tags were substituted to
replace the terminal cysteine residues, in a construct
called pullA-T7(ybbR). CoA-modified oligos were em-
ployed (Biomers), that were produced by letting react
CoA (formula in Fig. 95) with maleimide-modified oli-
gos, in order to obtain a covalent irreversible bond, in
the same way the HaloTag Ligand was coupled to thiol-
modified oligos in Sec. B.6. Again, the size of the CoA
ligand (0.8 kDa) is significantly smaller than that of the
oligonucleotide (11 kDa), thus the unreacted CoA can be
separated from the oligos by size-exclusion chromatog-
raphy. The pullA-T7(ybbR) construct was further incu-
bated with the CoA-modified oligos obtained in the pre-
vious step, with the addition of the Sfp enzyme. By us-
ing size-exclusion chromatography, the fraction contain-
ing proteins with two oligos attached could be isolated
(more details in appendix C.6).12

Fig. 95. Coenzyme A formula.
The thiol group at the left hand
can be coupled with maleimide-
modified oligonucleotides,
hence obtaining CoA-modified
oligos.

Fig. 96. PullA-T7(ybbR) con-
struct. (A) Force ramp at
100 pN/s, showing a sin-
gle peak with a CL gain of
∆L1 = 33.7 pN. (B) Passive-
mode trace, with the typical
three states of the EF3-4 and T7

fusion construct.

Data collected with the PullA-T7(ybbR) construct
were perfectly compatible with standard cysteine-
modified PullA-T7 proteins. In Fig. 96A the typical
unbinding/unfolding of the construct is visible, com-
patible with the original cysteine construct (PullA-T7,
Fig. 38) and the first event ∆L1 of the HaloTag con-
struct (PullA-T7(halo), Fig. 92B). No further unfolding
events nor increase in the noise were observed above
2 pN, which is the threshold for detectable events,13 con-
firming the prediction that eventual α-helical structures
of the ybbR tag does not survive high mechanical load.
The resolution at low forces can be tested with passive-
mode experiments. A trace excerpt is shown in Fig. 96B.
The typical three-state network of the fusion construct
could be successfully assigned to the data using the
HMM analysis, as in the PullA-T7 construct (Fig. 40).
Moreover, measurements could be carried out for tens
of minutes, as expected for a successful covalent conju-
gation.

12 By this fractionating step, also the Sfp enzyme is removed from the
sample.

13 The resolution of the instrument increases with the applied load. In
the hypothesis that all 11 amino acids of the ybbR tag adopt an α-
helical conformation, the CL gain upon unfolding would be about
2 nm, a distance that can be resolved at not less than 8–10 pN. In the
force range from 3 to 10 pN, fast unfolding/refolding events lead
to noise increase. In the PullA-T7(ybbR) data, no significant noise
increase was observed.
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The ybbR tag conjugation is thus a valid cysteine-free
method to couple proteins and nucleid acids for optical
tweezers applications.

b.9 summary

Among the range of alternative bioconjugation methods
to couple a target protein to DNA molecules, two simi-
lar strategies have been employed in this chapter. They
both consisted in recombinantly fusing certain peptide
tags to the target protein, and link it to the oligonu-
cleotides via certain binding partners (ligands).

The first probed tag, called the HaloTag, partly unrav-
els at forces within the range of loads applicable with
optical tweezers, although higher than 10 pN. These un-
folding events may interfere with unfolding or unbind-
ing events of the molecules under study, making the
HaloTag a useful but not versatile tag for protein la-
belling. In addition, the big size of the tag does not
allow its insertion within a protein loop. Nonetheless,
the mechanical strength of the binding between the
neck region and the EF3-4 domain of α-actinin could
be probed using this strategy and keeping an original
internal cysteine, thanks to the low mechanical stability
of this bond.

The other investigated approach, i. e. labelling the
protein with the small ybbR tag, has been shown not
to alter the resolution of the data in the sensitive region
between 2 and 5 pN. Moreover, no unfolding of the tag
has been observed at high forces, making this approach
a versatile method for protein/DNA coupling for opti-
cal tweezers experiments.





C
M AT E R I A L A N D
M E T H O D S

The protocols used to prepare the biological samples
are explained in detail in this chapter, together with the
measuring procedure.

In Sec. C.1 the complete procedure used to express
and purify the target proteins is described, followed
by the experimental procedure (C.2). The protocols of
these first two sections are complementary to those in-
troduced in Sec. 2.5. Afterwards, the amino acid se-
quences of all proteins used for the study of the α-ac-
tinin/titin interaction (C.3) and the talin/integrin inter-
action (C.4) are reported. The last part of the chapter
deals with the protocols for alternative bioconjugation
techniques, namely the HaloTag (C.5) and the ybbR tag
(C.6) conjugations.

c.1 cloning and expression

All constructs presented in this thesis, with exception
of appendix B, were cloned in pet28a vectors, which
contain a C-terminal His6-tag. The vectors were trans-
formed and expressed in E. coli BL21 (DE3). The expres-
sion was induced by addition of 1mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) at OD600 = 0.6 in 500 ml
for 2 h in LB0 buffer, at the temperature of 37

◦C. The
proteins were further purified in two steps, first using
affinity chromatography (NI-NTA column, QIAGEN),
then by size exclusion chromatography (Superdex 200

10/300 GL column, GE Healthcare).
The oligonucleotides coupled to the pro-

teins carried the sequence 5’-GGCAGGGCTGACGTTC-

AACCAGACCAGCGAGTCG-Maleimide 3’. The oligos were
incubated at a ratio 2:1 with the target proteins,
for 2 h at room temperature. The proteins with two
oligos bound were purified using size exclusion chro-
matography (Superdex 200 10/300 GL column, GE
Healthcare).

103
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c.2 experimental protocol

The dsDNA handles have a contour length of 175 nm.
The protein-oligos-handles construct was incubated
with 1-µm-sized streptavidin-coated silica beads (Bang
laboratories). The other sort of beads are similar sil-
ica beads (Bang laboratories) functionalized with anti-
digoxigenin Fab fragments (Roche). All data were
recorded at 23

◦C in 10 mM PBS, 2.7 mM KCl, and
140 mM NaCl, pH 7.4, with the addition of an oxygen
scavenger system consisting of 26 U/ml glucose oxidase,
1700 U/ml catalase, and 0.66 % glucose, to reduce photo-
damage of the protein [66]. The chambers used to mea-
sure were made by two 170-µm-thick coverslips (Carl
Roth) attached with Parafilm (Bemis Company). The
passivation of the surface was obtained with addition of
10 mg/ml BSA (Sigma-Aldrich), to prevent beads from
sticking. The chambers were washed with measuring
buffer before addition of the final solution.

c.3 protein sequences for the study of α-ac-
tinin/titin interaction

With the exception of the PullT7 construct, all other fu-
sion construct carried two ubiquitin domains between
the protein and the terminal cysteines, in order to pre-
vent disulfide bonds formation. Ubiquitins have a high
mechanical stability, thus they unfold at forces higher
than those applied in this work [103]. In the EF3-4 (hu-
man) domain, an internal cysteine (C862) was mutated
to prevent unwanted coupling with oligonucleotides. A
structurally similar serine was employed. In analogy, in
the neck region a cystein (C270) was mutated to a va-
line (see Sec. B.7). To better compare the results with lit-
erature, the rabbit titin sequences were employed. The
residue numbers come from UniProtKB - O97791. Rab-
bit Z-repeats are highly homologous with the human
orthologues [56]. Peptides T1, T5 and T7 fused to EF3-
4 are identical in the two species, while T3, T2 and
T7long1 differ by one, two and five amino acids respec-
tively, none of them in the key binding positions.

The amino acid sequences of the single domains and
peptides are listed below:
ubi: MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLI-

1 T7long has been employed in the competition assay
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FAGKQLEDGRTLSDYNIQKESTLHLVLRLR

GGS_link: GGSGGSGGSGGS
EF3-4_C862S: ADTDTAEQVIASFRILASDKPYILAEELRRELPPDQ-
AQYSIKRMPAYSGPGSVPGALDYAAFSSALYGESDL

T1: ADKSAAVATVVAAVDMARVREPV (422–444)
T2: EAEKIAVSKVVVAADKAKEQELK (472–494)
T3: GTEKAFVPKVVISAAKAKEQET (518–539)
T5: ETRKTVVPKVIVATPKVKEQDLV (562–584)
T7: GKKAEAVATVVAAVDQARVREPR (654–676, fusion con-
structs)
T7long: KVGVGKKAEAVATVVAAVDQARVREPREPGLPEDSYAQQT-

TLEYGYKEH (650–698, used in all competition assays)
neck: AEQAETAANRICKVLAVNQENERLME (259–284)
neck_C270V: AEQAETAANRIVKVLAVNQENERLME (259–284)

HaloTag: EIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNP-

TSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDA-

FIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTW-

DEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEM-

DHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPV-

PKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLI-

GSEIARWLSTLEIS

ybbR_tag: DSLEFIASKLA
The fusion constructs were created combining the

domains, as follows:
PullA-T7: ACK (ubi) SSGEL (EF3-4_C862S) (GGS_link) (T7)
GGSGGT (ubi) GGKCLEHHHHHH
PullA-T1: ACK (ubi) SSGEL (EF3-4_C862S) (GGS_link) (T1)
GGSGGT (ubi) GGKCLEHHHHHH
PullA-T2: ACK (ubi) SSGEL (EF3-4_C862S) (GGS_link) (T2)
GGSGGT (ubi) GGKCLEHHHHHH
PullA-T3: ACK (ubi) SSGEL (EF3-4_C862S) (GGS_link) (T3)
GGSGGT (ubi) GGKCLEHHHHHH
PullA-T5: ACK (ubi) SSGEL (EF3-4_C862S) (GGS_link) (T5)
GGSGGT (ubi) GGKCLEHHHHHH
PullA-neck: ACK (ubi) SSGEL (EF3-4_C862S) (GGS_link)
(neck_C270V) GGSGGT (ubi) GGKCLEHHHHHH
PullT7: ASK(EF3-4_C862S) (GGS_link) C VGV (T7) KCLEHH-
HHHH

PullA-T7(halo): (HaloTag) SGEL (EF3-4_C862S)
(GGS_link) (T7) GGSGGS (HaloTag) LEHHHHHH
PullA-neck(halo): (HaloTag) SGEL (EF3-4_C862S)
(GGS_link) (neck) GGSGGS (HaloTag) LEHHHHHH
PullA-T7(ybbR): (ybbR_tag) GGG (ubi) (EF3-4_C862S)
(GGS_link) (T7) SGSGSGS (ybbR_tag) LEHHHHHH
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The quality of the purified constructs was assessed by
SDS-Page and mass spectrometry.

c.4 protein sequences for the study of tal-
in/integrin interaction

The C-terminal domain F3 of talin was employed
in all constructs, together with the cytoplasmic tail
of integrin. The sequences of the domains and the
peptides employed are:
talin1: GVSFFLVKEKMKGKNKLVPRLLGITKESVMRVDEKTKEVIQ-

EWSLTNIKRWAASPKSFTLDFGDYQDGYYSVQTTEGEQIAQLIAGYID-

IILKKKKS

talin2: GVSFFLVKEKMKGKNKLVPRLLGITKDSVMRVDEKTKEVLQ-

EWPLTTVKRWAASPKSFTLDFGEYQESYYSVQTTEGEQISQLIAGYID-

IILKKKQS

SGGG_link: SGGGSGGGSGGGSGGGSGGGSGGGSGG
long_link: ASGGGSAGGSGSGSSGGSSGASGTGTAGGTGSGSGTGS-

GGGSGGGSEGGGSEGGGSEGGGSEGGGSEGGGSGGGS

β1A: HDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK
β1D: HDRREFAKFEKEKMNAKWDTQENPIYKSPINNFKNPNYGRKA-

GL

β1D_V: HDRREFAKFEKEKMNAKWVENPIYKSPINNFKNPNYGRKA-

GL

β1D_noMP: SGGGSGGGSGGGSGGAKWDTQENPIYKSPINNFKN-

PNYGRKAGL

The fusion constructs employed in chapter 8 and 9

are listed below:
T1-β1A: C (talin1) (SGGG_link) C G (β1A)

T2-β1D: C (talin2) (SGGG_link) C G (β1D)
T2-β1D_noMP: C (talin2) (SGGG_link) C G (β1D_noMP)
T1-β1A_LL: C (talin2) (long_link) C G (β1D)
T2-β1D_LL: C (talin2) (long_link) C G (β1D)

c.5 protocol for halotag conjugation

To obtain the HaloTag-modified proteins presented in
Sec. B.6, two reactions were carried out. First the iodac-
etamide HaloLigand were reacted with thiol-modified
oligonucleotides, and purified. Second, the oligo-ligand
reaction was incubated with the HaloTag protein. The
full protocols are presented here.
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box 16. etoh precipitation

1. Add 1/10 volume Na-Acetate (3M, pH 5.2)

2. Add 2 volumes pure EtOH (100 %)

3. Keep for 60 min at −80
◦C

4. Centrifuge 15 min at max speed in the 0
◦C centrifuge

5. Remove the supernatant

6. Add 200 µl 100 % EtOH

7. Centrifuge 5 min at max speed in the 0
◦C centrifuge

8. Remove the supernatant

9. Dry the tube at 37
◦C for 10 min, or until EtOH evaporates

10. Resuspend the pellet in buffer

The conjugation of thiol oligos with the HaloLigand
is performed as follows:

1. Take 100 nmol of thiol-modified oligos, reduce
them with tris(2-carboxyethyl)phosphine (TCEP), and
remove TCEP with ethanol (EtOH) precipitation
(Box 16). Resuspend the oligos in 400 µl PBS pH 8.

2. Elute 5 mg of iodacetamide HaloLigand in in-
ert chamber with 500 µl dimethyl sulfoxide (DMSO).
The final concentration should be about 20 mM (the
HaloLigand molecular mass is about 0.5 kDa). The io-
dacetamide group hydrolise rapidly, thus it is funda-
mental to be fast in this step (also to avoid redimeri-
sation of the thiol oligos).

3. Add 100 µl ligand to 400 µl of thiol oligos (molar
ratio 20:1) and let react for 2 h at room temperature.

4. Use size exclusion chromatography (Superdex 200

10/300 GL column, GE Healthcare) to separate the un-
reacted ligand from the ligand+oligo (Fig. 91).

5. Pool the fraction corresponding to the wanted
peak and concentrate to get a final concentration in the
order of 50µM.

The second set of reactions with the HaloTag-
modified proteins were perfomed by adding together:

• 4 nmol of ligand+oligos (e. g. 60 µl at 70 µM)

• 1 nmol of protein (e. g. 40 µl at 25 µM)

• 1 mM (final concentration) of TCEP
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The necessary oligo:protein ratio (4:1) was higher than
in the standard cysteine protocol, probably because the
coupling with the HaloLigand didn’t have a 100 % effi-
ciency. The reaction was carried out over night at 4

◦C,
and again purified with size exclusion chromatography
(Superdex 200 10/300 GL column, GE Healthcare) to
isolate the fraction corresponding to a protein with two
attached oligonucleotides.

c.6 protocol for ybbr conjugation

The ybbR-tag variant of the PullA-T7 construct—called
PullA-T7(ybbR)—presented in Sec. B.8 has a sequence
that can be found in Sec. C.3. The protein was designed
with the following sequence:
M (initial codon)
DSLEFIASKLA (ybbR Tag)
GGG (spacer)
Protein of interest
SGSGSGS (longer spacer)
DSLEFIASKLA (ybbR Tag)
LEHHHHHH (His Tag)
It is important to note that the the second spacer is
longer. The reason is that the second amino acid of the
ybbR tag (a serine) is covalently bound to CoA via an
enzymatic reaction, and a longer linker may facilitate
the reaction.

The covalent coupling of the protein—carrying two
ybbR tags—and the CoA-modified oligonucleotides is
catalyzed by the Sfp phosphopantetheinyl transferase
(Sfp). A 10× Hepes buffer pH 7.5 was employed
(500 mM Hepes and 100 mM MgCl2) with addition of
magnesium, required for the Sfp enzymatic activity.

The compounds were mixed as follows:

• 2 nmol of CoA-oligos (e. g. 20 µl at 100 µM)

• 0.5 nmol of protein (e. g. 10 µl at 50 µM)

• 0.4 nmol of Sfp enzyme (e. g. 10 µl at 40 µM)

• 10× Sfp buffer (in this case, 10 µl)

The reaction was carried out over night at 4
◦C, but a

few hours at room temperature should be sufficient as
well.
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