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Atomic force spectroscopy has become a widely used technique for investigating forces, energies, and dynamics
of biomolecular interactions. These studies provide dissociation kinetic parameters by pulling apart proteins
involved in a complex. Biological complexes are studied under near-physiological conditions, without labeling
procedures, and are probed one at time, the latter allowing to one obtain results which are not averaged over
the ensemble. However, to gain reliable information, some experimental aspects have to be carefully controlled.
In particular, the immobilization of molecular partners to AFM tips and supports, required to force the molecular
dissociation, plays a crucial role in determining the success of the experiments. To actually resolve single
interactions, multiple simultaneous complex dissociations have to be avoided, and nonspecific adhesions,
commonly found in these studies, have to be recognized and discarded. This article is aimed at offering a
critical revisitation of the atomic force spectroscopy technique applied to the study of biomolecular interactions,
highlighting the critical points, identifying strategies to be adopted for a more reliable data extraction and
interpretation, and pointing out the experimental and theoretical aspects which still need to be refined. To
this purpose, we take advantage of the vast landscape of literature and then proceed into the details of our
works. In this respect, we describe the general principles of the technique, the procedures for protein
immobilization, and how they can affect the results. We emphasize the use of computational docking to
predict molecular complex configurations, when unknown, as a useful approach to select proper anchorage
architectures. Additionally, we deal with data acquirement and analysis, with regard to the force curve selection,
to the force histograms interpretation, and to the theoretical frameworks used to extract kinetic parameters.
Through this, we outline that AFS can be successfully used both to investigate complexes having very different
affinities and also to reveal competitive binding mechanisms, thus gaining deeper information about molecular
interactions.

at the level of single molecules. This new opportunity makes
possible also the discovery of differences among molecules that

Since its early days, atomic force microscope (AFM) has
proven to be a powerful tool for getting insight into nanometric
objects, enabling scientists to investigate novel aspects, even
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would be otherwise undetectable by more conventional tech-
niques, whose results are an average of ensemble measurements.
The AFM is a high-resolution imaging tool using a very sharp
tip located at the end of a cantilever spring; the tip is mounted
on a piezoelectric stage which is able to ensure a three-
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dimensional positioning with subnanometer resolution. The tip
and sample feel the effects of interatomic forces that can be
easily monitored by an optical detection system.

These characteristics make the AFM able to image nano-
structures when the tip is scanned in the x—y plane along the
sample surface.'™ The AFM can operate also in fluid, and
samples can be examined in near-physiological conditions,
without labeling or altering procedures, and also at work. It is
possible, for example, to observe biological activities such as
the formation of specific complexes*~” or other biomolecular
processes.®?

In addition, the AFM cantilever can be used as a piconewton-
sensitive probe for measuring inter- and intramolecular forces.!*~2
Atomic force spectroscopy (AFS) has been widely used by
researchers in the latest years to study many different molecular
properties and mechanisms such as polymers stretching,'?
cellular membrane elasticity,'* protein unfolding,'>'® and mo-
lecular interactions.!’" In these cases, the tip is moved along
the vertical direction, pulling molecules apart to stretch, unfold,
or separate them. To study the binding properties of two
biomolecules, for example, one interacting partner is im-
mobilized on a support while the other is anchored to the AFM
tip. The functionalized tip is therefore brought into contact with
the support, and a complex may be formed, provided that the
two partners have enough flexibility and reorentiational freedom.
Successively, the tip is retracted from the substrate. When the
applied external force overcomes the interaction forces, the tip
jumps off sharply to a noncontact position, and dissociation takes
place. Such a jump-off process provides an estimation of the
unbinding force if the cantilever spring constant is known.!0~!2

Therefore, the dissociation is not spontaneous, but it is the
tip that, moving back from the functionalized support, applies
an external force which may lead the biomolecules to dissociate.
The application of an external force to the biomolecules may
alter the equilibrium energy landscape of the complex.?
Thereby, the possibility of extracting kinetics and thermody-
namics parameters from these nonequilibrium measurements
requires the use of suitable theoretical models. The most widely
used is that of Bell—Evans,?"?2 which allows one to derive the
dissociation rate constant (ko) and the width of the energy
barrier (x), which are important parameters to describe the
interaction process.

Given its ability to provide kinetic informationat the level of
single molecule, AFS is unquestionably innovative. However,
some issues concerning this technique certainly deserve atten-
tion. One of the key topics of AFS experiments is the
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immobilization strategy of the biological partners. To ensure
an effective and iterative protein association—dissociation
process, the biomolecules have to be stably tied to supports,
but at the same time, they have to preserve their functionality
and keep the binding site accessible to the counterpart. In this
respect, the properties of the surfaces on which biomolecules
are fastened can affect their structure as well as their coverage
density. 2

Single-molecule recognition studies require that interactions
be probed one at a time. If multiple dissociations take place at
the same time, they could be erroneously held as a single event
and introduce some errors into the data analysis. A variety of
strategies have been developed in order to better approach the
detection of single unbinding events.'3?

Another nodal point is the occurrence of nonspecific interac-
tions, which are always found in AFS experiments. To reduce
their frequency, or at least to discriminate between them and
specific unbinding events, different strategies have been devel-
oped. To such an aim, it is of common use to immobilize
proteins by means of bifunctional flexible linking spacers.

Although the Bell—Evans model is still widely used, the
emergence of some discrepancies in the measured dissociation
rates from the unbinding of some ligand—receptor systems has
led either to revise it or to develop new theoretical approaches
for a better description of the related processes.?0™28

In this work, we present a critical analysis of the force
spectroscopy applied to biological complexes for the investiga-
tion of unbinding processes. We describe the technique by
illustrating its principles and the strategies to prepare samples.
We discuss the data analysis criteria related to the force curve
selection, the force histograms, and the theoretical frameworks
to extract the relevant kinetic parameters. These general concepts
are then discussed within a more specific context by revisiting
the studies that we have performed to investigate three different
protein complexes, the bacterial transient azurin—cytochrome
c551,23 the heterologous p53—azurin,'”” and the human
p53—Mdm2.3! We get through these works describing, in
particular, the adopted immobilization strategies, pointing out
how they have affected the obtained results. Moreover, we
emphasize the advantage of performing preliminary computa-
tional docking studies to identify the putative regions of the
proteins involved in the interaction. Finally, we summarize the
most reliable experimental and theoretical procedures, selected
from the literature, with some hints to some possible new
interesting future developments.

Molecular Recognition and Dynamic Force Spectroscopy

Molecular recognition is at the basis of life. Every biological
process is carried out and regulated by numerous molecular
associations and dissociations, each one inducing a distinct
effect. The possibility of giving rise to all of the complexity of
biological functions resides not only in the large number of
molecules involved but also in the different character of their
bindings. Protein interactions are governed by intermolecular
forces and binding energies, which define their stability. As a
consequence, the detailed knowledge of these factors is pivotal
for understanding the nature of their association.

In general, biomolecular interactions can be described by the
law of mass action. The formation of a complex between two
partners, like a receptor R and a ligand L, at equilibrium, can
be represented as

R+ L<RL (1)
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Figure 1. Energy profile for a dissociation process of a biomolecular
complex at equilibrium (continuous line) and under the application of
a force F (dashed line). AG* is the activation free energy, xz is the
width of the energy barrier, and ko is the dissociation rate.

and the law is commonly expressed as follow

[RI[LVIRL] = K, = /K, @)

where Ky and K, represent the dissociation and association
constants, respectively, which are indicative of the interaction
affinity.

The kinetics of the reaction at equilibrium is given by

d[RL]/dr = k,,[R][L] — k,,[RL] = 0 3)

where k,, and k. represent the association and dissociation rate
constants, respectively. By comparing eqs 2 and 3, we obtain

Ka = kon/koff (4)

The important consequence of this observation is that the same
biomolecular affinity may correspond to different couples of
kon and ko (and different couples of time scales 7,, = 1/k,, and
Tort = ko).

Both the association and dissociation rate constants depend
on the properties of the interaction (i.e., the distance, the shape,
and electrostatic complementarity of the proteins at the binding
interface) as well as on the environmental conditions (i.e., local
concentration and diffusion of biomolecules and so forth).
However, while k,, is mainly dominated by the diffusive
properties, ko is more strongly related to the number and
strength of the bonds holding the proteins together.’> 3* The
dissociation rate constant depends on the activation free energy
AG* of the reaction, as shown in Figure 1, through

kyr = A exp(—AG" Tk T) )

where A is the Arrhenius prefactor, kg is the Boltzmann constant,
and T is the absolute temperature. It is thus clear that the
knowledge of this parameter, related to the complex stability
and lifetime, is quite important to gain insight into the
characteristics of the interaction.

The dissociation rate of molecular interactions can be
determined by various methods. Flow techniques, used to
investigate relatively slow processes, and relaxation techniques,
suitable also for faster reactions, are the mainly used ap-
proaches.* They follow the unbinding of molecules by monitor-
ing changes in optical signals, such as fluorescence or absor-
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bance, of marked specimens. In the latest years, a more and
more frequent use of surface plasmon resonance to investigate
the unbinding kinetics between receptors immobilized on special
gold slides with a ligand solution flowed on them has been
registelred.36 In this case, the molecules do not need to be
marked, and low concentrations can be investigated. Although
all of these approaches provide extensive kinetic details about
the interaction of biomolecules, their results are an average of
numerous molecules observed at the same time.

The strength of AFS is the ability to probe molecules one at
time, so that the outcome of each single interaction is recorded.
Given the high sensitivity of the technique, it enables one to
put into evidence also possible inhomogeneities within a
biological sample, revealing functional inequality of molecules
(e.g., the presence of mutations in a biomolecule or the existence
of different conformational states of the molecules®’-%).

It has to be emphasized that AFS studies can characterize in
detail the energy landscape of a complex dissociation, which is
useful to understand the features of a specific interaction, such
as the number, height, and the shape of energy barriers, the
energy landscape, and the rate of the related transitions.?*3%~4!

Furthermore, by providing information on the behavior of
molecular bonds under the action of a force, this methodology
can be very useful also to understand mechanisms of complexes
naturally submitted to forces, as those formed between some
membrane receptors and their ligands.*? All of these trademarks
make AFS ideal to deeply characterize molecular interactions,
and it is becoming more and more frequently used to comple-
ment traditional biomolecular approaches.

Pioneer studies have been performed, especially on more stable
interactions such as biotin—avidin,'0~ 1320404344 aptigens—
antibodies, 184346 or receptors—ligands.*’*® Afterward, also many
other kinds of biological complexes, different for stability and
composition, such as DNA—proteins,* ! transient complexes,?**
chaperonins with their substrates,”? or the exotic p53—azurin,' have
been successfully explored by this technique. Some recent works
show the possibility of investigating the interaction between ligands
and membrane receptors, probing directly the whole living
cells.3735 This approach, allowing for mapping of the presence
and location of specific receptors on the membrane, provides details
about the cellular functional state.

To study a molecular dissociation by AFS, one of the partners
has to be bound to a surface and the other one to the AFM tip.
The iterating of up and down tip cycles, performed in a
physiological buffer, allows for recording dissociation events
from which the most probable unbinding force for the complex
can be determined. Then, to extract equilibrium information,
these data are analyzed in the framework of proper theoretical
models 21:22.26.28,56

The approach, commonly used to describe the behavior of
force-induced transformations, is based on the seminal works
of Bell”? and Evans and Ritchie.?' Bell’s model, proposed for
the analysis of bonds responsible for cell to cell adhesion,
provides a phenomenological description of the effect of
mechanical forces acting on molecular interactions. The main
idea of this approach is that a forced dissociation can be
considered as a thermally activated escape over a transition-
state barrier and treated within the framework of the reaction
rate theory. At equilibrium, a receptor—ligand pair changes from
the bound (RL) to the unbound (R + L) state, proceeding over
a single transition state (R:L) with a characteristic activation
free energy barrier (AG*) (Figure 1). The application of an
external force alters the energy profile of the unbinding process
by lowering the energy of the transition state, thus facilitating



16452 J. Phys. Chem. B, Vol. 113, No. 52, 2009

the thermally activated unbinding process. The complex then
proceeds via a path characterized by an activation energy barrier
reduced by F-xg

AG(F)" = AG" — F-x; (6)

where F is the applied force and xg the width of the energy
barrier (see Figure 1). From eq 5, the dissociation rate constant
depends on the applied force through

koii(F) = kogexp(Fxg/kpT) (N

where ko is the dissociation rate at the equilibrium, with kg =
kot (0).

In this framework, Evans and Ritchie described the unbinding
process in terms of a crossing over a single, sharp barrier through
the application of a time-dependent force F(1).2'** Accordingly,
the model provides the unbinding force dependence on the
loading rate, R = dF/dt, at which the external force is applied.
R is nominally given by the product, R = kv, between the tip
retraction speed (v) and the spring constant of the cantilever
(k). However, in order to avoid introduction of systematic errors,
the effective loading rate value should be considered (for more
details, see below). The Bell—Evans model is based on the
following assumptions: (i) the loading rate during a measurement
is constant; (ii) the unbinding process of a single ligand—receptor
pair occurs; (iii) the rupture time is longer than the diffusional
relaxation time, and any rebinding process is neglected; (iv)
the pulling coordinate coincides with the reaction coordinate;
and (v) the width of the energy barrier x4 is independent of the
applied force. On such a basis, and in the framework of the
reaction rate theory, the following probability distribution P(F)
of the unbinding force F has been worked out

kg Fxg kostkgT Fxg
= R T xR b= explyr

This distribution results in being asymmetric and skewed toward
low force values.’” The most probable unbinding force, F*, can
be then obtained by calculating the maximum of such a
distribution, and it is given by

kT Rx
xﬁ kofkaT

P(F)
®)

€))

This expression predicts a linear relationship between the most
probable force, F*, and the natural logarithm of the loading
rate R. By plotting F* as a function of In R, the equilibrium
parameters ko and xz can be extracted as the slope and the
intercept of a linear fit, respectively. In some cases, the most
probable unbinding force as a function of the logarithm of the
loading rate exhibits two distinct linear regimes, and then, two
sets of ko and xg values can be extracted by two independent
linear fits. Such a behavior may be traced back to the presence
of two intermediate states in the unbinding process, instead of
a single one.***3438 Tt has been shown that the presence of
distinct linear trends for F* versus In R could be instead ascribed
to a noise-induced effect.”

The Bell-Evans model has allowed one to successfully
describe the trend of the most probable unbinding force with
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the loading rate for several ligand—receptor pairs,'8!%:23-34:4347.59

representing a landmark for describing unbinding processes as
studied by AFS, or by other single-molecule techniques, such
as biomembrane force probe.?%!** The extracted ko values have
been found over a wide range (from 107® to 150 s™') for the
various biological complexes, indicating a large variability of
the kinetic properties of these systems at the single-molecule
level. However, the Bell—Evans model, which is still widely
used, has revealed some inconsistences. For example, significant
discrepancies in the ko values have been obtained from
independent measurements on the same systems. Additionally,
the unbinding force distributions commonly deviate from that
predicted by eq 8, exhibiting asymmetric shape skewed toward
high force values.””**! Furthermore, a nonlinear trend of F*
versus In R has been observed in some experiments.?64

These observations have led to revision of such a model. The
assumption of constant loading rate during the measurements
can be questioned, especially at fast loading rates or when
flexible linkers are used to connect biomolecules to the solid
surfaces.**#73862 The observed deviations of the unbinding force
distribution from that predicted by the Bell—Evans model have
been attributed to the heterogeneity in chemical bonds or in
the spacer lengths (see the next section).’”*¢! The Bell—Evans
model has been extended to include multiple unbinding pro-
cesses in which n, equal or different, bonds break.'®%* The
related data have been carefully analyzed by taking into account
that the external force can be fully applied or shared among
biomolecules, depending on how these are arranged in the
experimental setup (e.g., connected serially, in parallel, or in a
zipper sequence).'3+%3 Additionally, the possibility of rebinding
should be taken into account, especially for measurements
performed in the slow regime.® Finally, the assumption that
the pulling coordinate coincides with the reaction coordinate
has been questioned, and the possible implications for data
analysis have been discussed.®

Beyond the Bell—Evans approach, more general models of
unbinding processes have been developed in the framework of
the Kramers theory of thermally activated barriers by introducing
an analytical expression for the energy barrier in the presence
of an applied force.?? In these models, however, the molecular
coordinate has been assumed to fluctuate under the influence
of the external force; therefore, the width of the energy barrier,
Xp, can no longer be considered as being force-independent.
Hummer and Szabo have proposed a model for which the most
probable unbinding force depends on the loading rate through
F* ~ (In R)", while Dudko et al. have derived a model for
which F* ~ (In R)*3262% Remarkably, the trend of the most
probable unbinding force with the logarithm of the loading rate,
as predicted by these models, including the Bell—Evans one,
can be cast into the expression F* ~ (In R)”, where v can assume
the value 1, 1/2, or 2/3 depending on which model better
describes the behavior of the system.?’

Strategies to Immobilize Proteins on Tips and Supports

The immobilization of proteins on surfaces (tip and substrate)
is a crucial aspect of AFS experiments. The anchorage on solid
materials has to satisfy some requirements to match the quality
of single-molecule recognition studies. The protein native
structure is to be preserved upon immobilization. The proteins
should maintain a sufficient mobility and reorientational freedom
in order to favor the exposure of the binding site and,
consequently, the interaction with the partner. The immobilization
procedure has also to ensure that, when the tip moves back, the
proteins do not detach from the tip and support, but only the
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Figure 2. Reactions commonly used to immobilize proteins to different surfaces by linking various amino acids. (NHS = N-hydroxysuccinimide;
PDP = pyridyldithiopropionate; Mal = maleimide; Lys = lysine; Cys = cysteine; Asp = aspartic acid; Glu = glutamic acid).

protein—protein bond breaks, enabling also cyclic registration of
the force curves. To this aim, immobilization on the surfaces by
means of covalent bonds is usually preferred, provided that the
interacting regions of the biomolecules remain available for the
biorecognition process. Finally, the immobilization strategies
should maximize the probability that a single ligand—receptor
pair may be involved by also minimizing the occurrence of
nonspecific interactions.

The chemistry used to anchor molecules, the coverage, and
the protein functionality depend on the properties of tip and
support surfaces. The tip and support are available of different
materials. Tips are usually made of silicon or silicon nitride. If
conveniently treated with chemical or physical procedures, they
provide hydroxyl groups that can react with specific groups of
molecules to form covalent bonds (Figure 2). Sometimes, tips
can be coated with gold, and in this case the strong affinity of
this material for sulphidryl groups may be exploited to co-
valently immobilize the biomolecules.®’

The most frequently used supports are silicon wafers, glass
slides, and mica. They all can expose hydroxyls, so that the
same chemistry developed for silicon tips can be used. Ad-
ditionally, surfaces can anchor proteins through electrostatic
interactions.!?* Gold slides are sometimes used to immobilize
proteins, again by exploiting the affinity of sulphidryl groups
for gold. We note on passing that gold provides the opportunity
of coupling conductive techniques to AFS, allowing one to gain
complementary information from a multisensing approach.
Given its conductive properties, gold can be used as an electrode
to study possible electron-transfer properties of proteins.%’
Finally, gold substrates offer the possibility to study dissociation
kinetics of biological molecules by both AFS and surface
plasmon resonance. In this way, a direct comparison of the
interaction properties of the molecules, with and without an
applied force, can be performed.®

The first studies performed by AFS were oriented to
investigate the strength of the interaction between biotin and
avidin.'”'? In that time, it was quite common to anchor the
proteins directly on silicon nitride tips and mica or glass
supports.!®712% As long as AFS has been applied to investigate
other complexes, the immobilization procedures have become
more refined. Today, almost all of the immobilizations are
achieved by means of linkers which carry two different
functional ends, one for anchoring to the inorganic surface and

the other to target specific functional groups of the biomolecule
or of another linker.* In general, the methodologies to anchor
proteins by means of linkers can be divided into two major
classes, those exploiting flexible linkers'’ 2030457071 and those
exploiting more rigid spacers;***>’2~7* a combination of both
can also be found.!”87777 A preliminary functionalization of
the surfaces with self-assembled short spacers with one end
suitable for reaction with the surfaces and the other for reacting
with other molecules (linkers or biomolecules) has been often
used. For example, gold or gold-coated surfaces (substrates or
tips) can be functionalized with alkanthiols, such as cysteam-
ine. Glass substrates, silicon, or silicon nitride tips can be
functionalized with silanes or alcohol-based spacers, such as
ethanolamine, after a chemical or physical treatment to expose
hydroxyl groups.?#7>% On the left side of Figure 2, some
representative examples of functional groups exposed by linkers
frequently used to covalently bind solid supports are shown.
On the right side of this figure, we can see how amino acidic
residues of proteins can form covalent bonds with the remaining
spacer free ends. For example, aminic groups are available from
lysines, which are amino acids rather commonly found in the
proteins. At variance, cysteines, which expose sulphidryl groups,
are amino acids not always found in the proteins. For this reason,
when available, their binding results in a specific orientation of
the biomolecule. Also, carboxyl groups, available on aspartic
and glutamic acids, are sometimes used to covalently link
proteins, although they have to be previously activated.

One of the mostly used flexible linker in AFS experiments
is the heterobifunctional polyethylene glycol (PEG), a versatile
polymer with well-characterized stretching properties which can
be synthesized at different lengths and with different function-
alized ends.*7¢

The above description of immobilization strategies is not
exhaustive since more refined and specific procedures are continu-
ously proposed in the literature. For example, it has been suggested
that single-walled carbon nanotubes can be used as small probes
to measure unbinding forces of single protein—protein interactions,
with the possibility of mapping recognition partners with true
molecular resolution.”® Moreover, engineered proteins, bearing a
His tag or a glutathione S-transferase (GST) tail, can be specifically
immobilized by exploiting their affinity for nickel ions and for
glutathione, respectively, even if these strategies are not appropriate
in many cases due to a weak binding to the surface.”>”
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Generally, the use of linkers, placing proteins away from the
rigid surfaces, prevents possible distortion of protein structures,
arising from their direct interaction with the inorganic materials.
Moreover, linkers allow the proteins to retain some reorientional
freedom in the environment, favoring the biorecognition process.
On the other hand, the introduction of long elastic tethers
between proteins and supports locates the specific unbinding
events far away from the sample surface, while the nonspecific
ones remain near the tip—support interface, making their
discrimination easier (see also below).!8:25:29:49.76

As stated above, an ideal AFS unbinding experiment should
involve possibly a single ligand—receptor pair. Such a goal could
be better reached if the substrate and tip were bonded with the
biomolecules at a low coverage. However, several AFS experi-
ments are performed with a full coverage of receptor molecules
on the substrate and a low density of ligands on the tip. These
conditions, besides favoring multiple events, can also give rise
to some steric hindrance, with some hampering of the binding
process. To achieve a controlled density of biomolecules on
the surfaces, functionalization strategies using a mixing of
linkers with different capabilities to target biomolecules have
been developed.®® For example, linkers bearing on one end a
protein-resistant group (e.g., oligoethylene glycol (OEG)) can
be mixed with linkers able to target specific protein functional
groups.’! By varying the ratio between active and inactive
spacers, a modulation of the density of the proteins on the
substrate can be obtained even if the possibility to still have a
high local density cannot be ruled out.!323768283 Tq visualize
isolated biomolecules by AFM imaging, the use of substrates
with a low roughness, such as bare mica or annealed gold
substrates, is preferred. The height of the AFM imaged spot
can be then compared with the expected dimensions of the
biomolecules in order to ascertain if some denaturation has taken
place.®* When substrates with high molecular coverage are used,
the thickness of the molecular film can be evaluated by
performing scratching by AFM in contact mode and compared
with that expected from a single biomolecular layer.'>$* On the
other hand, a reliable check of the molecular density on the tip
is difficult to obtain. However, specific protocols to reduce such
a density have been provided.?

When the regions at which two proteins interact are not
known, it can be useful to investigate their binding by docking
studies, aiming at predicting the most probable complex
configuration. Docking is a computational approach that, starting
from the independently determined three-dimensional structures
of molecules, probes their full surfaces, looking for all of the
possible binding modes. The resulting configurations are ranked
based on a scoring function, taking into consideration different
interface parameters, depending on the docking method used.®
Further refining leads to modeling of the most probable three-
dimensional structure for the complex, providing useful infor-
mation to select a proper immobilization procedure for the
biomolecules leaving the interaction regions available for
biorecognition. 6%

Force—Distance Curves and Data Analysis

To record the force—distance curves in AFS experiments,
the ligand-functionalized tip and receptor-functionalized support
are approached and retracted; such a process can be also done
in a cyclic way. The outcome of this process is a force curve,
formed by a trace and a retrace line, like that shown in Figure
3a, in which the tip displacement is plotted versus the deflection
of the cantilever. At point 1, the tip is far from the support, and
thus, the cantilever deflection is zero. Then, the tip goes down,
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Figure 3. (a) Typical approach and retraction force—distance curve
displaying a specific unbinding event between two biomolecular
partners. (b) Representative real force—distance curves commonly
detected in AFS experiments (see the text). Inset: examples of
ambiguous force—distance curves.

approaching the support at point 2, and the cantilever deflection
changes. During such a step, if the two partners are endowed
with enough flexibility and reorientational freedom to assume
a correct reciprocal orientation, they may undergo a biorecog-
nition process, forming a specific complex. Further pushing of
the tip makes the deflection increase, reaching a maximum preset
value at point 3. The deflection, Ad, at this point, multiplied by
the spring constant gives the force applied by the tip on the
support, with such a value being usually kept below 1 nN in
order to avoid protein damage. The tip is then retracted, and
adhesion forces and/or interaction bonds formed in the contact
phase between molecules cause the tip to adhere to the sample
up to some distance beyond the initial contact point. As far as
the retraction continues, the spring force overcomes the interac-
tion forces, and the cantilever jumps off, sharply returning to
the zero deflection level at point 4 (jump-off contact). Such a
jump is characterized by the deflection Ad’, which can be
converted into a force by multiplying it by the cantilever spring
constant. If a specific complex between the ligand and the
receptor has been formed during the approach, Ad’ can give an
estimation of the rupture or unbinding force of the complex.
Notably, the effective value of the cantilever spring constant
has to be experimentally measured after the acquirement of data.
There are various methods by which this can be done, mainly
based on the thermal noise analysis®® or on the measurement of
the resonant frequency.® Finally, the cantilever is retracted to
the initial position until point 1.

In AFS experiments, a large number of curves, hundreds or
even thousands, are commonly registered. These curves are
acquired at the same location or even at different regions of
the substrate. In both cases, the presence of a slight drift in the
x—y plane should be considered when long time experiments
are performed.

Besides the curve shown in Figure 3a, other representative
curves obtainable from AFS experiments are shown in Figure
3b.2%%091 In curve 1, the retrace faithfully follows the approach
line, meaning that no events have been recorded.”>* Curve 2
retains the same linear slope of the contact region during the
retraction, before the jump-off event; such a behavior is usually
attributed to a tip—support interaction without the involvement
of specific binding between the proteins.'*?>**! Both curve 1
and curve 2 are discarded. Curve 3 shows multiple jumps which
can arise from a variety of phenomena, such as a partial
stretching of molecules (similar to that observed during unfold-
ing AFS experiments'3), nonspecific interactions, contact be-
tween molecules immobilized away from the tip apex, and so
forth. When multiple events occur, researchers are often led to
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consider only the last jump-off, if it starts and ends at zero
deflection, as that of Figure 3a.”!?

Finally, in the inset of Figure 3b, we have collected other
examples of curves that are characterized by ambiguous shapes
from which it is difficult to select specific events. For this reason,
they are often discarded to avoid the introduction of spurious
values in the data collection.

In addition to the above-mentioned criteria, other ones are
currently adopted to distinguish specific from nonspecific events.
For example, when both of the partners are immobilized by flexible
linkers, it is reasonable to expect that the complex dissociation will
occur after the polymers have been almost completely stretched
(about 90%), the related curves exhibiting a change in the slope
during the retraction process. More specifically, curves showing a
jump-off event occurring at an unbinding length, /,, (see Figure
3a), corresponding to the estimated linker stretching, are commonly
accepted.'#04939% In this respect, the force versus extension
characteristics can be predicted in terms of models, such as the
worm-like chain®®® and the freely joined chain.”” Furthermore,
the use of long tethers, giving rise to a more marked stretching,
should be preferred.”®%

If, on one hand, elastic linkers can help to select specific
unbinding events, on the other, they can introduce some
complications into the data analysis, as recently emphasized.
In particular, the stretching of linkers could affect the real
loading rate values.%? An estimation of the effective loading rate
(R = kqysv) should take into account the effective spring constant
of the system, k,, which can be measured from the slope of
the retraction curve; such a procedure would avoid the introduc-
tion of systematic errors in the extraction of kg Furthermore,
since flexible polymer linkers may undergo a stretching process
resulting in a variable path from curve to curve, also depending
on the applied force, the assumption of a constant loading rate
may no longer be valid. In this respect, procedures to extract
the most probable value of the loading rate by a statistical
analysis of a series of curves or by introduction analytical
accurate models of the stretching have been proposed.®*93%89

The unbinding frequency can be evaluated by the ratio
between events corresponding to specific unbinding processes
and the total recorded events. Unbinding frequencies ranging
from 10 to even 85% have been registered for different
ligand—receptor pairs.!”?#7297 L ower unbinding frequencies
could be due to a variety of reasons, such as the randomized
orientation of molecules, a low molecular density, molecular
clustering, partial denaturation of the molecules, and so forth.

Further assessment of the specificity of the recorded events
can be obtained by some control experiments. For example,
experiments in which the biorecognition process between the
biomolecules is inhibited (blocking) through the addition of the
corresponding free partner to the substrate or to the tip can
be performed.!'!"17:23:2943:97.100. Alternatively, experiments can be
repeated without attaching any biomolecule to the linkers or
by modifying the setup by adding or removing molecular species
which regulate the partners’ binding, such as Ca™, or by
changing the pH of the solution.'”! Together with a decrease of
specific interaction, blocking could also reduce nonspecific
interactions. In this respect, to further verify the specificity of
the interaction, AFS experiments should be performed also by
substituting one of the partners with a molecule which is known
to not interact with the other biomolecule.?

The unbinding force values obtained from a collection of
curves assigned to specific events are used to generate histo-
grams, with a binning /4 normally kept higher than 5 pN. The
optimal bin size can be estimated by minimizing the integral
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of the mean-square errors, and it is approximated by h =
3.50n "2, where o is the standard deviation of the distribution
and 7 is the total number of data points.'”! As stated above,
most of the experimental distributions are quite spread and
generally asymmetric with a skew toward higher force values,
at variance with what is predicted by eq 8.'%57906! Additionally,
multiple peaks are often observed.'"!° This variability could be
ascribed to several factors, such as heterogeneity in the formation
of ligand—receptor pairs, slight differences in the relative arrange-
ments of the partners, the existence of different binding sites, the
occurrence of multiple unbinding processes, the stretching of
molecules, and so forth.!® Theoretical models to quantitatively
describe these effects have been proposed.>”® Once the unbinding
force histograms have been built, the problem to be faced is the
determination of the most probable unbinding force in order to
apply the Bell—Evans model (eq 9).

For a single peak distribution, the most probable unbinding
force can be evaluated from the maximum of the distribution,
which is extracted by a Gaussian fit."*% In this respect, it should
be remarked that systematic errors could be introduced since
contributions from high force values are neglected. The presence
of clearly distinguishable peaks in the histograms have been
put into a relationship to the occurrence of multiple unbinding
events occurring in parallel.'””> When these peaks are equally
spaced, the distance between two subsequent peaks has been
assumed as the quantum for the unbinding force.'>!%473
However, the occurrence of multiple unbinding events does not
necessarily give rise to multiple peaks in the histograms,!835:71:102
For example, when n biomolecular partners are pulled at the
same time, the effectively applied loading rate can be shared
among them, that is, the real loading rate can be 1/n, the global
value,'%'® and the corresponding unbinding force distributions
may then display no quantization. On the other hand, when the
unbinding of different pairs takes place in sequence, the whole
force is applied to each pair. In this respect, more accurate
procedures to analyze force distributions in the presence of
multiple unbinding events have been developed.'®!$% Most
currently, the analysis is restricted to the first or to the second
peak of the distribution, from which the most probable unbinding
force is evaluated.'®!*? Nevertheless, it is important to reduce
as much as possible the occurrence of multiple dissociations.
Samples at low coverage certainly can be useful to this purpose,
favoring the resolution of the single bond rupture, together with
the adoption of strategies which help in discriminating between
single and multiple bonds.

Finally, long and tedious analysis of the force curves may
take advantage of automated procedures to detect and process
the data, as recently developed.”"!%?

Azurin—Cytochrome 551 Interaction by AFS: Strategies
and Results

We have investigated by AFS the complex formed by azurin
and cytochrome c551, two proteins from the bacterium Pseudomo-
nas aeruginosa. The interaction between azurin and cytochrome
¢551 has a transient character, allowing the electron transfer to
take place with optimal efficiency.!® Redox metalloproteins
have gained particular interest because of the challenge of
integrating them with electronic transducers in order to imple-
ment hybrid nanodevices for biosensing applications.'*®

Since the structure of the complex between the proteins was
not available, we have preliminarily performed a computational
docking study by using the GRAMM algorithm, which searches
for the best steric fit between molecules by taking into account
hydrophobic interactions.'® The best complex that emerged
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Figure 4. Schematic illustration of the immobilization strategy used
for studying the unbinding process of the azurin—cytochrome c551
complex. Cytochrome c551 is linked to the tip by a PEG spacer binding
its lysine residues. Azurin is immobilized on gold substrate by its native
disulfide group (a) through direct linking or (b) by means of a spacer.

from this docking approach is characterized by a close contact
between the hydrophobic regions of the two proteins, with azurin
possessing a single disulfide bridge which is at the opposite
side with respect to the binding region.!% On the basis of these
results, we have developed two different immobilization strate-
gies to favor, at best, a correct interaction between the partners
in the AFS study (see Figure 4).

At first, cytochrome ¢551 was immobilized onto the tip by
using a 10 nm long PEG spacer.?’ On one end, the spacer was
linked to the tip by an aldehyde moiety, and on the other, it
was bound to cytochrome through a carboxyl group. Such a
functional group is able to target one of the eight available lysine
residues homogeneously distributed on the protein surface, and
this leads, very likely, to a random orientation of the protein
molecules on the tip (for more details, see refs 29 and 30).
Azurin has been deposited directly on bare gold by exploiting
the high affinity for gold of its disulfide bridge (Figure 4a).?*
Accordingly, all of the azurin molecules are expected to be
uniformly oriented with their binding site facing the C551
partner. The azurin molecules resulted in being self-assembled
on the gold substrate as a dense protein monolayer whose
topological features have been checked by AFM imaging. An
almost full coverage with a mean height of (1.7 £ 0.6) nm over
the gold surface has been observed; such a value is lower than
that expected from the X-ray structure. This might arise either
from a deformation of the proteins arising from compression
exerted by the AFM tip or from a partial denaturation of the
azurin molecules which are in direct contact with the gold
surface (see refs 29 and 30).

Several force curves, recorded at different loading rates, have
been analyzed by taking into account the procedures and the criteria
previously described. In particular, we verified that the selected
curves displayed, before the jump-off, a delayed nonlinear course
(Figure 3a) with the stretching features of used PEG.?
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Figure 5. (a) Unbinding length and (b) unbinding force distributions
for the azurin—cytochrome ¢551 complex immobilized through the
strategy shown in Figure 4a; the force curves have been recorded at
the nominal loading rate of 5 nN/s. Dashed line: the fitted Gaussian
distribution to extract the most probable unbinding force value.
Continuous line: the Bell—Evans distribution as obtained from eq 8
by inserting the values for the effective loading rate, the dissociation
rate (ko = 14 s71), and the energy barrier width (xg = 0.14 nm). The
extracted central values of the fitted Gaussian distributions and the
related statistical errors, obtained by 20/N'? for a 95.4% confidence
level, are reported.

The distributions of the unbinding lengths and forces obtained
at the nominal loading rate of 5 nN/s are shown in Figure 5a
and b, respectively. The unbinding length distribution is character-
ized by a main mode centered at around 18 nm. This value is in a
good agreement with those found in other AFS experiments using
PEG linkers of the same length (10 nm)**3 and is consistent with
the expected length of the PEG under stretching, this being
estimated as approximately twice the unstretched value by applying
the freely jointed chain model.”” This result strongly indicates that
the observed jump-offs are due to a dissociation of the complex
occurring after the linker has been stretched. The histogram of the
unbinding forces exhibits a single mode with an asymmetric shape
and a skew toward high force values. This shape is at variance
with that expected from the Bell—Evans model, given in eq 8, but
is quite similar to what is commonly observed in other systems
(see also below).'#3%76% This discrepancy could be attributed to
several factors, such as multiple binding events, binding hetero-
geneity, and so forth, as recalled in the previous section. The most
probable unbinding force, evaluated from the maximum of the
distribution, has been found to be around 74 pN by a Gaussian fit
(see the dashed line in Figure 5b). As already mentioned, the
Gaussian fit of the distribution describes the unbinding force around
the main peak, neglecting the higher force values.

An unbinding frequency percentage of 18% has been found.
Such a rather low value is consistent with the random distribu-
tion of the anchoring sites and hence of the interacting sites.
However, it is close to the values recorded in other systems.”*’?

To confirm the specificity of detected events, we have
performed a control experiment, in which free azurin was added
to the fluid cell in order to contain the cytochrome-functionalized
substrate. In these conditions, the unbinding frequency is reduced
from the initial average value of 18 down to 5.5%, therefore
resulting in a 70% decrease of unbinding events. The unbinding
force distributions, before and during tip blocking, have been
analyzed and compared, as shown in Figure 6. Besides the
reduction of unbinding events, it can be noted that the force
distribution shape is rather similar to that occurring before
blocking. This seems to indicate that the largest part of the
survived events has the same features as the initial ones,
consistent with a residual specific activity between azurin and
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Figure 6. Unbinding force distributions for the azurin—cytochrome
¢551 complex immobilized through the strategy shown in Figure 4a,
before (gray) and after (black) blocking. The force curves have been
recorded at the nominal loading rate of 5 nN/s.
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Figure 7. (a) Unbinding length and (b) unbinding force distributions
for the azurin—cytochrome ¢551 complex, immobilized through the
strategy shown in Figure 4b. The force curves have been recorded at
the nominal loading rate of 5 nN/s. The extracted central values of the
fitted Gaussian distributions and the related statistical errors, obtained
by 20/N"? for a 95.4% confidence level, are reported.

cytochrome after the blocking. However, a concomitant reduc-
tion of nonspecific interactions cannot be ruled out.

In the second approach, azurin has been immobilized onto
gold via a cysteamine-N-succinimidyl-3-(S-acetylthio)propionate
(SATP) spacer that binds the thiol group of the protein (Figure
4b). The tip was functionalized with the same procedure as that
followed in the first approach. From AFM imaging of the
substrate, we have assessed the presence of a submonolayer
coverage, with a mean spot height of (3.4 £ 0.8) nm. Such a
value matches the expected height from crystallographic data
of azurin well,'” indicating that this second immobilization
architecture better preserves the protein native structure.

Again, we have recorded force curves at different loading
rates; the corresponding unbinding length and force distributions,
at the nominal loading rate of 5 nN/s, are shown in Figure 7.
The unbinding length distribution exhibits a single-mode
distribution centered at 23 + 4 nm; such a value is in a
satisfactory agreement with that obtained by the first approach
(see Figure 5) and is consistent with the involvement of the
linker in the unbinding process. However, the observed unbind-
ing length, slightly exceeding the expected value (about 20 nm),
could be due to the stretching of the linkers used to immobilize
azurin or even to a partial stretching of the involved biomol-
ecules. The histogram of the unbinding forces is characterized
by a single peak. Remarkably, this distribution exhibits an
asymmetric shape with some skew toward low force values, in
agreement with what expected is from the Bell—Evans model.”’
The extracted most probable unbinding force value is 141 pN;
such a value is shifted to a significantly higher value with respect
to that observed in the previous experiments (74 pN) at the same
loading rate. A similar shift has been also obtained for the other
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Figure 8. The most probable unbinding force dependence on the
logarithm of the loading rate for the azurin—cytochrome c551 complex
when azurin is immobilized on bare gold (open circles) and on modified
gold (squares). Errors in the unbinding force have been derived from
the standard deviation of the related distribution. Errors in the loading
rate, R = kv, have been evaluated by the error propagation, where
the error of kq, has been estimated as the uncertainty in the slope of
the retraction curve while the errors on v have been derived from the
experimental apparatus. The solid lines are numerical fits of the
experimental data to the Bell—Evans model (eq 9); the extracted values
for the parameters ko and xz have been reported.

loading rate values. This indicates that the immobilization
strategy can sometimes modify the interaction forces.

An unbinding frequency of about 9% has been observed; such
a value was decreased in comparison to that registered in the
previous experiment, likely due to a lowered interacting
probability arising from the reduced protein density on the
support. Control blocking experiments have confirmed the
specificity of the observed events, resulting in a 63% reduction
of the unbinding frequency.

For both of the immobilization procedures, the most probable
unbinding forces have been plotted as a function of the logarithm
of the effective loading rate, as evaluated from the slope of the
retraction curve.

A linear trend has been observed for both cases over almost
2 orders of magnitude of loading rate (see Figure 8). In the
framework of the Bell—Evans model, it comes out that a single
regime corresponding to a unique energy barrier characterizes
the process from the bound to the unbound state. By fitting these
data by eq 9, we have obtained a dissociation rate k. of about
14 s7! and a width of the energy barrier around 0.14 nm for
azurin directly chemisorbed on gold. By inserting these values
together with the effective loading rate, in eq 8, the expected
Bell—Evans distribution for the unbinding force can be derived.
This theoretical distribution, also shown in Figure 5b (continuous
line), describes rather well the experimental points around the
most probable value, where it almost overlaps the Gaussian
distribution (dashed line).

On the other hand, for azurin immobilized on gold via the
linker, a dissociation rate k. of about 7 s~ and a width of the
energy barrier around 0.1 nm have been extracted. The rather
high dissociation rate is indicative of a quite fast dissociation,
consistent with the transient nature of the complex under
investigation.'®® The lower dissociation rate value found in the
case of azurin on modified gold with respect to azurin directly
immobilized on gold suggests that azurin fits more tightly to
cytochrome when the linkage to the conductive substrate is
accomplished via a spacer. Since smaller potential barrier widths
reflect a protein resistance against bond rupture, the found
values are indicative of a more specific recognition occurring
when azurin is immobilized through a linker. Such a result finds
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Figure 9. Schematic illustration of the immobilization strategy used for studying the unbinding process of the p53—azurin complex. Azurin is
covalently linked to the tip via the sulfhydryl-terminated spacer (SATP) that can bind one of the two accessible cysteine residues of the disulfide
group. The p53 is immobilized on gold substrate by one of the exposed lysines of p53 to (a) a glutaraldehide cysteamine or (b) a PEG spacer.

a correspondence with the fact that the use of organic spacers
to immobilize the protein better maintains the expected height
of proteins and presumably their native state, also conferring a
higher reorientational freedom for optimal interaction with its
counterpart. Moreover, this study has demonstrated that AFS
can be successfully applied to investigate not only very stable
complexes but also transient ones, gaining insight into these
interesting electron-transfer biomolecular pairs.>

Disclosing p53—Azurin Interactions by AFS

Dynamic force spectroscopy has been applied to ascertain
the formation of a complex between the human tumor suppressor
protein p53 and the bacterial protein azurin, which has been
suggested to promote the p53-related cancer defense mech-
anisms.'*!10

We have preliminarily performed docking studies to provide
a possible configuration for the p53—azurin complex.8%” To
this aim, we have used the Zdock docking program, which
combines pairwise shape complementary with desolvation and
electrostatics.!!! This computational investigation has led us to
predict two possible best complex configurations for the
interaction of azurin with p53, one involving the DNA binding
domain of p53 and the other one the N-terminal domain of p53,
according to refs 112 and 113. These outcomes have been used
for developing two appropriate immobilization strategies to
investigate the formation of the p53—azurin complex by AFS
(see Figure 9).

In the first strategy, we have linked azurin to the tip by a
short sulphidryl-terminated spacer, involving SATP, binding one
of its two cysteine residues of the disulfide bridge (see Figure
9a). This procedure is very similar to that previously used to
study the interaction of azurin with cytochrome and was found
to preserve the protein functionality. According to computational
docking results, this link is susceptible to provide a correct
orientation of azurin with respect to p53 by leaving the azurin
hydrophobic patch available for the interaction with the partner.
The p53 has been instead immobilized onto a gold substrate
via a cysteamine—glutaraldehyde spacer suitable to bind one
of its exposed lysine residues.
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Figure 10. (a) Unbinding length and (b) unbinding force distributions
for the pS3—azurin complex, immobilized through the strategy shown
in Figure 9a. The force curves have been recorded at the nominal
loading rate of 4.5 nN/s. The extracted central values of the fitted
Gaussian distributions and the related statistical errors, obtained by 20/
N2 for a 95.4% confidence level, are reported.

Analysis of the force curves recorded at different loading rates
has been performed by following the same criteria adopted for
the azurin—cytochrome complex. The distributions of the
unbinding lengths and unbinding forces, obtained at the nominal
loading rate of 4.5 nN/s, are shown in Figure 10a and b,
respectively. The unbinding length distribution reveals a peak
at around 9 nm; such a value is rather low but consistent with
the short linkers used for the biomolecule immobilization. The
unbinding force distribution is asymmetric, with a main peak
skewed toward higher force values, at odds with what is
expected from eq 8. The most probable unbinding force
extracted from the maximum of the distribution is about 63 pN.
An unbinding frequency of about 15% has been found. A
reduction of the unbinding frequency of about 42% has been
observed by blocking the p53 monolayer with the introduction
of a solution of free azurin molecules into the fluid cell
containing the p53-functionalized substrate. A comparison of
unbinding force distributions of events recorded before and after
blocking reveals a rearrangement of the force distribution after
blocking (Figure 11). We can identify two regions on the
histogram, a first one in which there is the main peak, centered
at around 50 pN, and a second one with a peak centered at
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Figure 11. Unbinding force distributions for the p5S3—azurin interac-
tion, immobilized through the strategy shown in Figure 9a, before (gray)
and after (light gray) blocking. The force curves have been recorded
at the nominal loading rate 4.5 nN/s.
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Figure 12. (a) Unbinding length and (b) unbinding force distributions
for the pS3—azurin complex, immobilized through the strategy shown
in Figure 9b. The force curves have been recorded at the nominal
loading rate of 4.5 nN/s. The extracted central values of the fitted
Gaussian distributions and the related statistical errors, obtained by 20/
N'2 for a 95.4% confidence level, are reported.

around 100 pN. Although the total unbinding frequency is
lowered after blocking, events falling within the first region of
the histogram are increased, whereas those in the second region
are reduced. This lead us to hypothesize that events related to
the main peak could be due to nonspecific interactions, while
specific ones are placed especially in the region at higher forces,
at which the occurrence is reduced during blocking. We have
then reanalyzed our data by discarding those force curves whose
unbinding length is less than 10 nm in order to reduce the
contribution from nonspecific events. In this case, we have found
that that the most probable force increases up to 74 pN. We
then obtained an unbinding frequency of about 12%, and after
blocking the p53 monolayer with free azurin molecules, we
observed a reduction of the unbinding frequency of 55%.!7

According to the second strategy, p53 has been immobilized
on the substrate by substituting glutaraldehyde with a 5 nm PEG
linker, as shown in Figure 9b (for more details, see ref 19). Indeed,
the cysteamine—glutaraldehyde spacer used in the first approach
was probably not able to provide the protein with a sufficient
reorientational freedom to favor the binding with azurin (and
probably favored the occurrence of nonspecific adhesions).

The distributions of the unbinding lengths and forces, at the
nominal loading rate of 4.5 nN/s, are shown in Figure 12a and
b, respectively. The unbinding length distribution displays two
peaks, one centered at around 8 nm and the other one, more
intense, at about 18 nm (see the arrows in Figure 12a). The
latter value can reasonably arise from the PEG stretching (about
8—10 nm), from the stretching due to the other linker
(cysteamine—glutaraldehyde spacer), and possibly from a partial
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Figure 13. Unbinding force distributions for the p5S3—azurin interac-
tion, immobilized through the strategy shown in Figure 9b, before (gray)
and after (black) blocking. The force curves have been recorded at the
nominal loading rate 4.5 nN/s.

stretching of the biomolecules. We can therefore attribute this
peak to specific unbinding events for this double tethered
configuration. The higher number of specific events found for
this peak in the presence of the PEG tether likely derives from
a higher reorientational freedom conferred by the tether to p53.
Notably, selection of specific from nonspecific events is greatly
facilitated when the immobilization of proteins is achieved by
longer, flexible linkers.'®%% At variance, for short, rigid linkers,
the distance at which nonspecific interactions take place almost
overlaps with that of specific events, as observed in Figure 10b.

The unbinding force distribution obtained by considering only
force curves with unbinding lengths higher than 10 nm is shown
in Figure 12b. The histogram is characterized by a main peak
at about 68 nN with some broadening toward higher force
values; a fit by Gaussian describes the main peak well (see the
dashed line in Figure 12b). The contribution of higher force
value to the distribution becomes more marked by increasing
the loading rate, suggesting the presence of additional effects,
as previously discussed. An unbinding frequency ranging
between 15 and 21% has been observed for a collection of
experiments performed under the same conditions. The specific-
ity of the observed interactions has been checked by repeating
the AFS experiments after blocking the p53 monolayer by a
free azurin solution. These conditions have led to a reduction
of the unbinding frequency of about 63%. By comparing the
unbinding force distributions obtained before and after blocking
(Figure 13), we note a lowering of the number of events over
the whole histogram, unlike what was observed in the previous
experiment (Figure 10). The similarity of the two distributions in
Figure 13 suggests that events recorded before blocking are due
to specific interactions between the proteins. All of these results
support the formation of a specific complex between p53 and
azurin, this being particularly relevant in connection with a possible
anticancer role of azurin through a stabilization of p53.

Kinetics information on this complex has been gained by
analyzing the dependence of the most probable unbinding force
on the applied loading rate for the two developed immobilization
strategies. In both cases, a linear trend of the force with the
logarithm of the loading rate has been registered, (Figure 14).
This indicates that the Bell—Evans model can provide a good
description of the unbinding process in terms of a single barrier
separating the bound from the unbound state of these two
proteins. By fitting the data by eq 9, we have estimated the
dissociation rate ko and the width of the energy barrier xz. For
the first immobilization strategy, we have found a kg of about
0.14 s7" and a x; of about 0.46 nm. We note that significantly
different values have been obtained for both k. and xz when
all of the unbinding curves are used in the analysis (0.32 s™!
for kg and 0.34 nm for xg). This confirms that the selection of
curves is a crucial point of the data analysis procedure. For the
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Figure 14. The most probable unbinding force dependence on the
logarithm of the loading rate for the p53—azurin complex, when p53
is immobilized via cysteamine—glutaraldehyde (open circles) and via
PEG (squares). Errors on the unbinding force have been derived from
the standard deviation of the related distribution. Errors on the loading
rate, R = kv, have been evaluated by the error propagation, where
the error of k, has been estimated as the uncertainty in the slope of
the retraction curve while the errors on v have been derived from
experimental apparatus.The solid lines are numerical fits of the
experimental data to the Bell—Evans model (eq 9); the extracted
parameters are reported.

second strategy, we have estimated a dissociation rate kg of
0.09 s™! and a width of the energy barrier xg of 0.52 nm. We
observed that the kinetic properties of the systems may be
somewhat affected by the adopted immobilization strategy. All
of the considerations made about the selection of specific events
and biorecognition efficiency might suggest that the second
strategy and therefore corresponding kinetic parameters better
describe the interaction process between p53 and azurin. In such
a case, we have further analyzed the data by estimating the
association rate, ko,, for the pS3—azurin interaction. By fol-
lowing the procedure reported in ref 45, an estimation of ko,
can be performed through the expression ko, = NaVen/ty s, where
N, is Avogadro’s number, V. is the effective volume of a half-
sphere with radius r.g around the tip, and #y s is the time for the
half-maximal binding probability, given by #ys = 2r.s/v, where
v is the approach speed of the cantilever. To estimate 7,5, we
have varied the interaction time between the proteins during
the force—distance cycles, observing an exponentially increase
of the unbinding frequency with the contact time, until the
reaching of a plateau. This has allowed us to find #p5 ~ 0.06 s
and then ko, = 1.5 x 10* M~!s™!. Since the ratio between the
dissociation and association rate constants defines the dissocia-
tion constant, K4 = kosi/kon, we have then estimated Ky = 6 x
107° M, such a value being indicative of a significant stability
of the p53—azurin complex. On the other hand, experiments
performed in bulk have estimated a lower Ky value (about 33
nM).!!* Such a discrepancy could be attributed to the overes-
timation of k.s by the Bell-Evans model and/or to an
underestimation of k,, likely due to the contribution of
nonspecific or multiple events.

p53—Mdm2—Azurin: Kinetics and Competition by AFS

The activity of p53 is down-regulated by the cellular
oncoprotein Mdm?2 that promotes the ubiquitin-dependent
degradation of p53, inhibiting its transcriptional function through
the formation of a complex with the N-terminal part of p53.114!15
Accordingly, we have investigated the interaction properties
between p53 and Mdm?2. In addition, we have explored the
appealing hypothesis that azurin could compete with Mdm?2 for
the complex formation with p53, contrasting then the negative
regulation exerted by Mdm2. With such an aim, we have studied
the p53—Mdm?2—azurin ternary complex.

The immobilization architecture used to study the p5S3—Mdm?2
interaction is shown in Figure 15. The p53 has been anchored
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Figure 15. Schematic illustration of the immobilization strategy used
for studying the unbinding process of the p53—Mdm?2 complex. Mdm2
is anchored to the tip through a PEG spacer binding its lysines. The
pS3 is bound to a gold substrate by a short spacer binding its lysines.
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Figure 16. (a) Unbinding length and (b) unbinding force distributions
for the pS3—mdm?2 complex, immobilized through the strategy shown
in Figure 15. The force curves have been recorded at the nominal
loading rate of 3 nN/s. The extracted central values of the fitted Gaussian
distributions and the related statistical errors, obtained by 20/N'? for a
95.4% confidence level, are reported.

to a gold substrate via cysteamine—glutaraldehyde, and Mdm?2
has been bound to the tip by means of a 30 nm long PEG linker
which targets the lysine residues of the protein. The use of this
longer flexible linker to bind Mdm2 would help to better
distinguish between specific and nonspecific interactions ac-
cording to the previous results’®* and would provide Mdm2
with reorientational freedom and mobility to compensate for
the somewhat restricted mobility of p53 molecules.

AFS force curves have been analyzed by the same criteria
applied in the previous cases. The distributions of the unbinding
lengths and forces, at the nominal loading rate of 3 nN/s, are
shown in Figure 16a and b, respectively. The unbinding length
distribution is constituted by a quite broad single peak centered
at around 30 nm. Accordingly, we have therefore selected
unbinding events as being specific when they occurred at an
unbinding length higher than 30 nm.

The unbinding force histogram is asymmetric and somewhat
spread; again a skew toward high force values is observed. In
this respect, analogous considerations can be made about the
contribution from multiple events and from the variability in
the binding processes in order to justify the deviation from the
Bell—Evans model. The most probable force has been found
to be about 105 nN.
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Figure 17. The most probable unbinding force dependence on the
logarithm of the loading rate for the p53—Mdm2 complex. Errors on
the unbinding force have been derived from the standard deviation of
the related distribution. Errors on the loading rate, R = kv, have been
evaluated by the error propagation, where the error of kg, has been
estimated as the uncertainty in the slope of the retraction curve while
the errors on v have been derived from experimental apparatus. The
solid line is a numerical fit of the experimental data to the Bell—Evans
model (eq 9); the extracted parameters are reported.

The unbinding frequency has been found to be 18 & 3% for a
set of four experiments performed under the same conditions. The
specificity of the observed events has been checked by different
blocking experiments. In the first one, we have incubated the p53-
functionalized substrate with a solution of Mdm2, while in a second
experiment, the Mdm?2-functionalized tip has been incubated with
a solution of p53. In both cases, we have observed a reduction of
the unbinding frequency of more than 60%. Very likely, the
observed events can be put into relationship with the formation of
a complex between these two proteins.

By plotting the measured rupture forces versus the logarithm
of the loading rate, we have obtained a linear relation between
the two quantities, as shown in Figure 17, this being indicative
of a single energy barrier in the energy profile in the Bell—Evans
framework. Accordingly, we have estimated a ko of 1.5 s7!
and xg of 0.17 nm. The ko is close to the value reported for the
interaction between the N-terminal portion of p53 and Mdm2.!1¢
Moreover, the kg is higher than that observed for the p5S3—azurin
complex; this is probably consistent with the different roles
played by Mdm?2 and azurin in the interaction with p53.

We then investigated the possible role of azurin in competing
with Mdm?2 for binding p53 by using two different procedures,
schematically shown in Figure 18. We first measured the
unbinding frequency between a p53-functionalized substrate and
an azurin-functionalized tip (Figure 18a, left). Here, the tip was
prepared by following the same strategy used to produce Mdm?2-
functionalized tips. In this way, the unbinding frequency resulted
to be around 14% and thus a little bit lower in comparison to
the 19% found in the previous experiments in which we have
investigated the pS3—azurin interaction. However, it has to be
reminded that in those studies, azurin was specifically oriented
with the hydrophobic patch facing p53 molecules. The PEG
used here, at variance, binds the lysine residues of azurin,
causing a random orientation that justifies the reduced unbinding
frequency. When the p53 sample has been blocked with an
azurin solution, the force curves recorded with the azurin-
functionalized tip have shown a dramatic reduction of the
unbinding frequency, confirming the specificity of the interaction
between p53 and azurin (Figure 18a, right).

Then, we incubated the p53 sample with a solution containing
Mdm?2 molecules (Figure 18b, left). Under these conditions, the
frequency of interaction between p53 and azurin remained
substantially unchanged (Figure 18b, right). A difference of 2%
is within the variability commonly observed in the unbinding
frequency measurements.
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Figure 18. Experiments testing the competition between azurin and
Mdm?2 for binding p53. (a) Schematic illustration of the control system
used to investigate azurin as a competitor for the p5S3—azurin complex
(left); the corresponding unbinding frequencies are observed before
(solid) and after (dashed) the azurin deposition (right). (b) Schematic
illustration of the system used to investigate Mdm2 as a competitor
for the p53—azurin complex (left); the corresponding unbinding
frequencies are observed before (solid) and after (dashed) the Mdm?2
deposition (right). (c) Schematic illustration of the system used to
investigate azurin as a competitor for the p53—Mdm2 complex (left);
the corresponding unbinding frequencies are observed before (solid)
and after (dashed) the azurin deposition (right).

To validate this result, a blocking procedure has been used
to investigate the possibility of a competition between azurin
and Mdm?2 (Figure 18c, left). Accordingly, the frequency of
interaction between a p53 sample and a Mdm?2-functionalized
tip has been measured before and after adding an azurin solution
on the p53 sample. The unbinding between p53 and Mdm?2 has
resulted in not being affected by the presence of azurin (Figure
18c, right). The results suggest that azurin and Mdm?2 interact
with two different regions of p53 and form a ternary complex.
The occurrence of a p5S3—Mdm2—azurin ternary complex opens
a possible new scenario for the anticancer action of azurin by
also providing evidence that AFS offers a valid tool for the
study ternary complexes at single-molecule level. Docking
computational studies could be useful to plan new, additional
AFS experiments to get more insight into the ternary complex
involving p53, azurin, and Mdm?2.

Conclusions and Outlooks

During the past two decades, single-molecule techniques have
undergone rapid development and continuous refinements, becom-
ing powerful tools to gain deep insights into the biological
nanoworld. In particular, the success of single-molecule AFS is
witnessed by both the number of scientific publications that have
continually increased in the latest years and the hundreds of atomic
force microscopes devoted to AFS studies in the worldwide
scientific community. Since AFS allows one to observe biological
systems in near-physiological conditions, at the single-molecule
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level, and without altering them by labeling procedures, it is by
now routinely used to reach a deeper knowledge, complementing
more traditional biomolecular approaches.

By revisiting our AFS works and within a wider context of
literature, we have provided a critical analysis on how the AFS
technique can be reliably applied to study biological complexes
and also in the perspective to extract significant information on
the kinetic and thermodynamic aspects which are often hidden
in bulk measurements. Furthermore, we have emphasized the
use of AFS to investigate not only individual molecular
complexes with different affinities but also competitive binding
mechanisms among different ligands, thus gaining new insights
into molecular interactions.

Besides the undoubted successes of AFS in studying biomo-
lecular systems, some crucial related experimental and theoreti-
cal issues which are still widely debated have been outlined.
First, the choice of the strategy to anchor biomolecules to the
solid, inorganic surfaces (tip or substrates) has been demon-
strated to have a high impact on the measured parameters (the
unbinding force, the dissociation rate ko, and the energy barrier
width xg). In fact, the kind of immobilization may strongly affect
the protein functionality, the capability of partners to recognize
each other, the chance of obtaining single interactions, and also
the possibility to distinguish true complex dissociations from
nonspecific events. Direct, practical evidence of these effects
has been provided by the analysis of three different biological
systems. In this respect, although a well-defined immobilization
strategy susceptible to be adopted in all of the investigated
systems has not been so far established, there is a general
consensus on some indispensable requirements to be satisfied.
For instance, the introduction of spacers, providing a strong,
covalent attachment of the biomolecules to the surface and
keeping biomolecules from direct contact with the inorganic
substrate, should be strongly recommended. On the other hand,
the use of long, flexible linkers to immobilize both of the
partners is necessary to provide the required reorientational
freedom to favor the biorecognition process and, at the same
time, to discriminate specific from nonspecific unbinding events.
It has been noted in passing that a valid support to design
appropriate biomolecule immobilization procedures may be
represented by computational docking, which allows one to
predict the most probable configuration of molecular complexes
when the interaction sites of the partners are unknown. Such
an approach, offering the possibility to integrate AFS data with
the knowledge of the system at the molecular level, could also
allow a more detailed description of the unbinding mechanisms.

In an AFS experiment, special attention should be paid to
the selection of those force curves which can arise from specific
unbinding events. Such an analysis may take advantage of both
the expected and measured stretching features of the linkers
and of blocking experiments suitably conceived.

The extraction of equilibrium parameters from nonequilibrium
AFS experiments requires the application of appropriate theo-
retical models. We have outlined that the most widely used
Bell—Evans model, which relies on some rather restrictive
assumptions (such as the occurrence of single unbinding events,
a constant loading rate, and so forth) provides a satisfactorily
description of the AFS data for several biological systems, even
if some discrepancies in the extracted parameter values have
been recently put into evidence. The Bell—Evans model predicts
a linear relationship between the most probable unbinding force
and the logarithm of the loading rate, and it allows one to extract
the dissociation rate k¢ and the energy barrier width xz of the
unbinding process. In this respect, the most probable unbinding
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force should be evaluated from the experimental distributions
of the unbinding forces recorded at a given loading rate. These
distributions, often characterized by an asymmetric shape, are
commonly fitted by single or multiple Gaussian distributions.
However, since these fits can neglect the contribution of higher
force values, they can introduce systematic errors into the
analysis. Additionally, special attention has to be devoted to
evaluate the loading rate effectively applied to the system in
order to avoid the introduction of artifacts which may signifi-
cantly affect the final results. On the other hand, new theoretical
models, able to provide a more consistent interpretation of the
experimental data, even overcoming some of the drawbacks of
the Bell—-Evans model, have been developed. It could be
however desirable to have new models which, providing a more
general description of the unbinding processes, also allow one
to disclose, at a deeper level, the mechanisms regulating
biological interactions. In this respect, we mention the applica-
tions of innovative theoretical tools, such as the Jarzynszi’s
equality, which make possible the extraction of equilibrium
properties from measurements performed away from equilib-
rium, allowing reconstruction of the entire equilibrium energy
landscape of single-molecule processes.!!:!18

Finally, it should be noted that the possibility of probing
individual systems makes AFS ideal for cutting edge applica-
tions, such as the development of nanobiosensors, even for
medical and pharmaceutical aims, for example, drug screening.
A significant improvement along this direction may arise from
the parallel detection by means of multiple cantilevers differently
functionalized. In the near future, AFS will surely benefit of
AFM equipment with further, advanced capabilities. Very low
drift AFMs will permit one to follow biological processes, such
as ligand—receptor binding or unbinding processes, for longer
times in order to access near-equilibrium conditions.!!” Develop-
ment of high-speed AFM techniques will be suitable to elucidate
fast biological events in real time. Furthermore, AFS combined
with fast AFM imaging will give a boost in the acquisition
biomolecular information due to the capability of simultaneous
monitoring of biorecognition events and topological features.'!’

The combination of force spectroscopy with other advanced
techniques will lead to the development of multisensing
approaches able to provide a broader view on the complexity
of biological systems. For example, the use of gold supports
opens the possibility of investigating, at the level of single
molecules, both the biorecognition capability of immobilized
proteins by AFS and their conductive properties by scanning
tunneling microscopy (STM) or conductive AFM, with interest-
ing new perspectives in ultrasensitive detection.'*
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